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Background  and  Overview 
of  the  Conference 


1.  Introduction 

The  discovery  that  the  pharmacologic  effects  of  acetylcholine  (ACh)  and  related  agents  in  the 
autonomic  system  were  mimicked  by  muscarine  or  nicotine1,  followed  by  the  discovery  that  ACh 
was  released  by  the  frog  vagus  nerve2,  introduced  the  seminal  concepts  of  chemical 
transmission  and  the  finding  that  a  single  chemical  transmitter  exhibited  multiple  functions  at 
distinct  effector  sites.  Since  that  time  the  number  of  neurotransmitters  and  other  chemical 
mediators  along  with  their  multiple  receptor  subtypes  has  grown  at  a  phenomenal  pace.  One  of 
the  most  challenging  problems  confronting  the  biologist  is  the  functional  implication  of  multiple 
forms  of  receptors  and  their  interactions.  The  following  are  examples  of  the  diversity  of  multiple 
receptor  subtypes,  their  contributory  factors,  and  functional  implications. 

Differences  in  the  time  course  of  neurally  elicited  responses. 

Example:  Fast  excitatory  postsynaptic  potential  of  nicotinic  receptors  and  slow  excitatory 
postsynaptic  potential  of  muscarinic  cholinergic  receptors.34 

Receptors  linked  to  signal  transduction  systems  require  structural  alterations  for  specific 
molecular  associations  and  reactions. 

Example:  p1 -Adrenoreceptor  interacts  with  a  stimulatory  Gs-protein  to  generated  cAMP, 
whereas  a2-adrenoreceptor  interacts  with  an  inhibitory  G1  protein  to  attenuate  cAMP 
production. 

Differences  in  receptor  microenvironment  and  function  at  heterologous  effect  or  cells. 
Example:  Nicotinic  receptors  at  neuromuscular  junction  and  ganglion  cells. 

Differences  in  receptor  microenvironment  of  homologous  effector  cells. 

Example:  nAChR  subtypes  in  various  homologous  effector  cells. 

Differences  in  subcellular  localization  associated  with  functional  diversity. 

Example:  GABAb  presynaptic  autoreceptors  and  GABAa  postsynaptic  receptors. 
Differences  in  neuronal  receptor  sensitivity  to  neurotransmitter. 

Example:  Cl  gated  channels  of  GABAa  receptors  containing  P2Y2  subunits,  such  as  the 
cerebral  cortex,  are  more  responsive  to  GABA  than  cells  with  (31  yl  subunits  which  are 
more  prevalent  in  the  cerebellum.5 
Heterology  of  regulatory  allosteric  sites  of  receptors. 

Example:  GABAa  receptors  in  cerebellar  pyramidal  and  granular  cells  comprising  y2 
subunits  are  sensitive  to  benzodiazepines,  whereas  cells  containing  cx2  subunits  are 
insensitive.6 

Differences  in  coupling  efficiency  of  receptors  to  G-proteins. 

Example:  A  mutation  of  the  P2-adrenoreceptor  favors  its  interaction  with  Gs,  resulting  in 
elevated  production  of  cAMP.7  Spontaneous  mutation  of  G-protein-coupled  receptors 
may  result  in  various  pathologies,  as  exemplified  in  the  rhodopsin  system  where  a  point 
mutation  in  Iys296,  which  restricts  the  attachment  to  retina,  leads  to  increased  sensitivity 
to  light  and,  eventually,  retinal  degenerations.8 

Heteromeric  subunit  composition  imparts  differences  in  ion  selectivity  and/or 
conductance. 

Example. "The  AMPA-glutamate  receptor  subtype  exhibits  fast  conductance,  low  Ca2+ 
permeability,  and  Mg2+  blockade;  whereas  the  NMDA  receptor  exhibits  slow  conductance, 
high  Ca  +  permeability,  and  Mg2+  insensitivity.9  This  distinction  is  attributed  to  a  single 
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™0.a.c'J'n  the  M2  membrane  spanning  segment  of  the  receptor  subunit:  a  glu  or  arg 
in  the  AMPA  receptor  subunit  (GluRB)  and  an  asn  in  the  NMDA  subunit  (NR1  or  NR2). 
Receptor  subtypes  capable  of  coupling  to  different  G-proteins. 

Exa?1^!f:  A  chicken  m4  9ene  expressed  in  CHO  cells  exhibits  forskolinstimulated  cAMP 
production  and  agonist-stimulated  phosphoinositide  turnover,  whereas  its  expression  in 
Yl  cells  results  in  agonist-inhibited  CAMP  production,  but  no  stimulation  of 
phosphoinositide  turnover. 10 


anges  in  receptor  subunits  during  development  associated  with  neuronal  maturation. 
txample:  In  the  adult  nervous  system  activation  of  the  glutamate-AMPA  receptor  elicits  a 
current  with  a  fast  and  steady-state  component,  whereas  in  the  immature  brain  the 
desensitizing  component  is  greatly  reduced  or  absent." 

The  distribution  of  receptor  subtypes  may  be  a  mechanism  for  targeting  receptors  to 
distinct  neurons  or  neuroanatomic  regions. 

Example:  Type  I  sodium  channels  are  located  in  pyramidal  and  dentate  gyrus  cell  bodies 
whereas  type  II  channels  are  localized  in  myelinated  fibers.12 
Variation  of  coupling  efficiency  of  receptor  subtype  to  G-proteins. 

Example:  The  sevenfold  greater  D1  receptor-stimulated  cAMP  production  in  the  corpus 
triatum  as  compared  to  the  substantia  nigra  appears  to  be  related  to  the  greater 
concentration  of  Golf  present  in  the  striatum.13  Because  low  levels  of  Gs  are  found  in  the 
subtypes'3  n'9ra’  ^  WOuld  appear  that  the  difference  is  due  to  distinct  D1  receptor 

Variations  in  allosteric  sites  of  receptor  subtypes  regulating  excitatory  parameters. 
txample:  The  nAChRs  exhibit  multiple  conformational  states  associated  with  activation, 
cnannel  openings,  and  desensitization,  involving  sites  that  are  distinct  from  the  ACh 
recognit'on  site^  Included  among  the  physiologic  and  pharmacologic  factors  acting  on 
sites  are  divalent  cations,  neuropeptides,  hormones,  diverse  neurotropic  druqs 
membrane  potential,  and  phosphorylation.  ’ 

Phylogenetic  changes  in  receptors. 

Example:  Neurotransmitters  and  neuropeptides  are  present  in  primitive  organisms  lacking 
nervous  systems,  where  they  may  be  linked  to  signal  transduction  mechanisms  via 
specific  receptors  regulating  such  factors  as  growth,  differentiation,  and  cell  motility.15 

ecep  °rs  and  their  subtypes  underwent  further  development  and  diversification  as 
neural  control  of  such  functions  evolved. 

•Vanations  in  subunit  composition  of  receptor  subtypes  associated  with  differences  in 
conductance  characteristics. 


S  Stud,es  Wlth  transfected  cells  expressing  a  1(32,  a1y2  and  a102y2  subunits  of 
rat  <^abaa  receptors  showed  differences  in  the  time  characteristics  of  chloride  channel 
rADi  T6,  depending  primarily  on  the  presence  or  absence  of  02  and  y2  subunits 
GABA-activated  currents  in  cells  expressing  02  subunits  exhibited  faster  desensitization 

aT^2s^  bu^t^5  rectificat  ion  ’  and  shorter  mean  opening  time  than  receptors  composed  of 


2-  Body  and  Conclusions 

The  intent  of  this  conference  entitled  Functional  Diversity  of  Interacting  Receptors  was  to 
contnbute  to  a  better  understanding  of  the  functional  significance  of  receptor  diversity  by 

H-i?SS:n?/Uih  top!CS  as  the  9enetic  regulation  and  expression  of  receptor  subtypes;  the 
differential  functional  characteristics  of  neurons  with  distinct  subtypes;  second  messenger  and 
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ion  channel  diversity  associated  with  receptor  isoforms;  species  and  regional  neuroanatomic 
differences  in  receptor  subtypes;  receptor  changes  associated  with  chronic  exposure  to  agonists 
and  antagonists  and  occurring  with  age  and  pathologic  states;  and  the  interaction  of  different 
receptors  in  functional  regulation.  Inasmuch  as  our  knowledge  of  the  structural,  genetic,  and 
functional  features  of  the  nicotinic  cholinergic  receptors  appears  to  be  more  advanced  than  that 
of  other  receptors,  the  emphasis  of  the  conference  was  on  cholinergic  receptors  and  their 
interaction  with  other  receptors.  Also  included  were  presentations  dealing  with  adrenergic, 
dopaminergic,  histaminergic,  gabaminergic,  excitatory  amino  acid,  and  peptidergic  receptors  and 
their  interactions  and  functional  implications  in  health  and  disease. 

The  conference  was  chaired  by  Abel  Lajtha,  Ph.D.,  Center  for  Neurochemistry,  Nathan  S.  Kline 
Institute,  and  Leo  Abood,  Ph.D.,  Department  of  Pharmacology,  University  of  Rochester. 
Approximately  80  researchers  and  clinicians  attended  the  conference  which  took  place  May  25- 
28,  1994  at  the  Hyatt  Regency,  Washington,  D.C.  Attendees  came  from  throughout  the  United 
States  and  Europe.  Many  of  the  leading  experts  in  the  field  were  in  attendance. 

The  conference  began  with  a  presentation  reviewing  recent  findings  on  the  nature  of  ion 
channels  associated  with  the  various  neuronal  nAChR  subtypes  and  describing  the  use  of 
specific  ligands  for  probing  ion  channels  and  nicotine's  binding  site.  A  discussion  of  the 
structure-activity  relationships  of  novel  subtype-selective  opioid  peptides  was  presented  to 
illustrate  the  principles  involved  in  the  design  of  agonists  and  antagonists.  With  the  use  of 
synthetic  peptides  related  to  the  (a  subunit  of  the  nAChR,  it  was  shown  that  a-bungarotoxin 
binds  to  amino  acids  in  the  180-200  region  (Torpedo  numbering)  of  the  a  subunit,  whereas  k- 
bungarotoxin  binds  to  region  51-70  of  the  neuronal  a3subunit.  Two-dimensional  ^HjNMR 
studies  on  complexes  formed  between  a-bungarotoxin  and  18-mer  peptide,  corresponding  to 
185-196  sequence  of  the  Torpedo  a  subunit,  demonstrated  the  involvement  of  HI  86,  W187, 
Y189,  and  Y190  in  the  contact  zone.  Patch  clamp  studies  on  cultured  rat  hippocampal  neurons 
revealed  the  presence  of  two  nAChR  receptors  with  different  properties:  an  a-bungarotoxin- 
sensitive  one,  which  was  shown  by  in  situ  hybridization  to  contain  an  a7  subunit,  and  a4p2 

Presynaptic  nAChRs  were  shown  to  be  involved  in  the  release  of  norepinephrine  (NE)  from  the 
CAI,  CA3,  and  DG  regions  of  the  hippocampus,  in  the  modulation  of  NE  release  from  vas 
deferens  and  in  the  release  of  acetylcholine  from  the  neuromuscular  junction.  The  hippocampal 
nAChR  was  believed  to  comprise  the  a3p3  subunits.  With  the  use  of  photoreactive  agonists  for 
nicotinic  cholinergic  and  other  neurotransmitter  receptors,  a  novel  laser-pulse  photolysis  method 
with  a  microsecond  time  resolution  was  used  to  determine  the  rate  constants  for  ion  channel 
opening  and  closing,  the  concentration  of  the  open  channel,  and  the  binding  constants  of 
inhibitors  to  sites  on  both  the  open  and  closed  channels.  The  combined  use  of  immunochemical, 
histochemical,  and  autoradiographic  techniques  was  described  for  mapping  the  muscarinic 
cholinergic  projections  from  the  nucleus  basalis  to  the  thalamus  and  cerebral  cortex,  from  the 
prepeduncular  pontine  nucleus  to  the  thalamus,  and  other  projections  involving  the  sensory- 
limbic  and  reticular  activating  systems.  By  co-transfecting  a  cAMP  response  element-driven 
reporter  gene  with  various  muscarinic  receptor  genes,  it  was  demonstrated  that  both  the  ml  and 
m4  increase  cAMP  production,  whereas  high  levels  of  expression  Of  m4  cause  agonist- 
independent  inhibition  of  adenylate  cyclase  via  Gia2. 

Monoclonal  antibodies  to  the  various  a  and  p  subunits  of  nAChR  were  used  to  demonstrate  that 
ganglia  and  retina  contain  uncertain  combinations  Of  a5,p2  andp3  subunits,  and  brain,  mainly  the 
stoichiometry  (a4)2(p2)3  as  well  as  two  functional  (a-bungarotoxin-binding  subunits,  a7  and  a8. 

A  study  of  patterns  of  regulation  of  nAChR  subtypes  in  various  transfected  cell  lines  revealed 
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that  ganglionic  nAChR  mRNA  and  function  are  stimulated  by  nerve  growth  factor,  whereas 
nicotine  exposure  increased  muscle  nAChR  numbers  but  with  a  loss  of  function.  A  presentation 
on  brain  nicotinic  receptors  and  cholinergic  transmission  raised  issues  concerning  (1)  the 
relationship  of  cholinergic  innervation  to  brain  nicotinic  cholinergic  receptors  as  determined  by 

fo\C^eC^n'C*ues  as  autoradiography,  immunocytochemistry,  and  lesioning  brain  pathways;  and 
(2)  the  functional  significance  of  brain  nicotinic  receptors. 

The  afternoon  session  of  the  second  day  was  devoted  to  the  functional  interaction  of  various 
neurotransmitter  and  neuropeptidergic  receptors,  describing  their  neuroanatomic  distribution, 
subtype  specificity,  and  their  pathologic-therapeutic  implications.  Despite  the  fact  that  all  three 
p-adrenergic  receptors  were  structurally  similar  and  bound  to  the  same  trimeric  G  -protein 
coupled  positively  to  adenylate  cyclase,  they  exhibited  striking  differences  in  their  agonist- 
antagonist  profile  and  regulation,  which  were  attributed  to  specific  point  mutations.  A  number  of 
presentations  referred  to  the  role  of  antipsychotic  drugs  in  elevating  brain  neurotensin  in  the 
neostriatum.  On  the  basis  of  findings  demonstrating  that  haloperidol  both  decreased  and 
increased  neurotensin  mRNA-the  former  via  D3  and  the  latter  via  D2  receptors  in  the  nucleus 
accumbens-it  was  inferred  that  the  antipsychotic  drugs  alleviated  positive  symptoms  (e.g., 
hallucinations,  anxiety)  by  acting  on  D2  receptors,  whereas  negative  symptoms  (e.g.,  stereopoty 
increased  self-stimulation)  appear  to  involve  D3  receptors.  Neuroanatomic  combined  with 
receptor  binding  studies  demonstrated  interactions  between  dopamine  receptors  and 
cholecystokinin  8,  which  produces  behavioral  effects  (sedation,  catalepsy,  antistereopoty) 
opposite  to  those  of  dopamine.  Localization  of  the  peptide  binding  domain  of  the  substance  P 
receptor  was  performed  by  attachment  of  a  photolabile  amino  acid,  p-benzoyl-L-phenytalanine,  to 
positions  4  and  8  of  substance  P  and  structural  analysis  of  the  photolabeled  substance  P 
receptor  fragments  isolated  from  receptor-transfected  CHO  cells. 

Renewed  interest  in  the  functional  role  of  histamine  in  the  central  nervous  system  has  resulted 
t*ie  Zoning  and  expression  of  the  H1t  H2,  and  H3  receptors.  The  H,  receptor  increased 
cAMP,  inositol  phosphates,  and  arachidonic  acid,  whereas  the  l-^  receptor  increased  cAMP  and 
decreased  arachidonic  acid  production.  1-Methyihistamine,  which  has  a  1500-fold  greater  affinity 
than  histamine  for  the  H3  receptor,  may  be  an  endogenous  candidate  for  the  neuronal  H, 
autoreceptor. 

The  presentations  on  opioid  receptors  dealt  with  topics  ranging  from  the  purification  of  a  fu.- 
receptor,  cloning  and  expression  of  k-receptors,  structure-activity  relationships  of  subtype- 
selective  opioid  peptides,  to  receptor  changes  after  chronic  exposure  to  opiate  agonists  and 
antagonists.  With  the  cloning  of  the  various  opioid  receptor  subtypes  the  techniques  of 
recombinant  expression,  immunocytochemistry,  and  in  situ  hybridization  have  been  used  to 
eludicate  the  functional  as  well  as  subcellular  and  neuroanatomic  localization  of  subtypes  of 
opioid  receptors  in  brain  and  spinal  cord.  Among  the  novel  findings  were  that  6-receptor  is  found 
mainly  on  axons,  the  //-receptor  on  plasma  membranes  of  axons,  cell  bodies,  and  dendrite  and 
that  the  enkephalin-containing  terminals  are  proximal  to  6-  or  ^-receptors. 

Molecular  genetic  studies  of  the  melanocortin  (MSH)  receptor  revealed  it  to  be  a  unique 
bifunctionally  controlled  receptor,  positively  regulated  by  MSH,  resulting  in  brown-black 

pigmentation,  and  negatively  regulated  by  the  agouti  peptide,  resulting  in  variable  pigmentation 
in  coat  color.  r  s 


The  final  session  dealt  with  the  structural,  neuroanatomic,  functional,  and  clinical  aspects  of  the 
various  excitatory  amino  acid  (EAA)  and  GABA  receptors.  To  date  three  subtypes  of  EAA 
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receptors  are  known:  a  quisqulate-  or  AMPA-sensitive  one  existing  in  four  isoforms  with  70% 
homology,  a  kainate-sensitive  one  with  75%  homology,  and  a  NMDA-sensitive  one  existing  in 
five  isoforms  with  25%  homology.  Studies  with  selective  agonists  and  antagonists  suggest  that 
the  NMDA  receptor  is  implicated  in  brain  damage  associated  with  status  epilepticus  the 
quisqulate  receptor  with  general  anesthesia,  and  the  NMDA  receptor  with  head  injury.  The 
release  of  GABA  from  cultured  retinal  cells  was  mediated  by  glutamate  receptors  and  found  to 
be  calcium-dependent  and  blocked  by  nifendipine.  Bilateral  lesioning  of  connections  between 
the  rat  temporal  cortex  and  the  lateral  entorhinal  cortex  resulted  in  an  impairment  of  retroactive 
and  proactive  memory  and  a  reduction  in  glutamate  receptors  and  loss  of  terminals  in  both 
regions.  In  addition  to  its  involvement  in  the  release  of  intracellular  Ca2+,  EAA  receptor-mediated 
formation  of  inositol  phosphates  (IP)  stimulates  Ca2+  entry  in  synaptosomes  via  a  voltage-gated 
channel,  leading  to  a  further  increase  in  IP. 

Following  the  demonstration  that  the  memory  deficit  in  rats  was  attenuated  by  cycloserine,  a 
glycine-receptor  agonist,  clinical  trials  were  undertaken  in  Alzheimer  patients  with  encouraging 
results.  NMDA  receptors  appear  to  be  involved  in  the  negative  symptoms  associated  with 
schizophrenia  that  are  not  responsive  to  antidopaminergic  neuroleptics,  but  appear,  in 
preliminary  clinical  trials,  to  be  attenuated  by  large  doses  of  glycine.  The  hypothesis  that  nicotine 
interacts  with  the  mesolimbic  dopaminergic  system  to  improve  working  memory  gained 
additional  support  from  studies  demonstrating  that  the  administration  of  dopamine  agonists  along 
with  nicotine  improved  performance  of  rats  in  a  radial  maze. 

Investigations  of  the  subunit  composition  of  the  GABAa  receptor  by  immunocytochemical  and  in 
situ  hybridization  techniques  revealed  the  existence  of  multiple  forms  in  all  brain  areas  with  the 
major  subunit  composition  c<iP2y2.  Bergmann  glia  cells  of  the  cerebellum  were  found  to  express 
Yi  and  a2.  A  monoclonal  antibody  for  the  GABAb  receptor  was  shown  to  inhibit  the  binding  of 
agonists  to  the  receptor  and  to  prevent  the  GABA-mediated  inhibition  of  adenylate  cyclase  in 
cerebral  synaptic  membrane  preparations. 

In  order  to  account  for  the  shift  in  the  control  of  hepatic  glycogenolysis  from  a1B  to  the  inhibitory 
|32-adrenergic  receptors  following  hepatic  injury  or  malignancies,  a  mechanism  was  proposed 
involving  the  translocation  of  protein  kinase  C  (PKC)  from  the  cytoplasm  to  the  plasma 
membrane.  In  addition  to  PKC,  which  is  involved  in  the  uncoupling  of  the  a1B-receptor  and 
coupling  of  (^-receptor,  arachidonic  acid  appears  to  play  a  role  in  the  conversion. 

The  poster  sessions  included  such  topics  as  the  modulations  of  the  m2  muscarinic  receptor  by 
nitric  oxide;  autoregulation  of  ACh  release  in  rat  cerebrum  by  both  a  stimulatory  m5  and  inhibitory 
m-i  muscarinic  receptor  subtype;  a2-adrenergic  regulation  of  body  temperature  via  inhibition  of 
warm-sensitive  and  inhibition  of  cold-sensitive  hypothalamic  neurons  and  by  interaction  with 
serotonergic  and  dopaminergic  systems;  interference  by  peptide  YY  of  cholecystokinin's 
inhibition  of  pancreatic  secretion;  antagonism  by  polyamines  of  imipramine-induced  immobility  in 
rats;  inability  to  account  for  the  hypotensive  action  of  methionine  enkephalin  by  changes  in 
tyrosine  hydroxiase  and  catecholamine  metabolizing  enzymes;  advantages  of  combined  agonist- 
antagonist  administration  in  smoking  cessation  therapy;  detection  of  the  Tax  gene  in  human 
macrophages  infected  with  HTLV-1;  expression  and  functional  characterization  of  an  140-204 
amino  acid  fragment  of  the  a  subunit  of  nAChR;  and  determination  of  glutamate  receptor 
subtypes  involved  in  calcium  influx  and  the  modulation  of  dopamine  release  in  hippocampal 
synaptosomes. 
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BACKGROUND 

The  discovery  that  the  pharmacologic  effects  of  acetylcholine  (ACh)  and  related 
agents  in  the  autonomic  system  were  mimicked  by  muscarine  or  nicotine,1  followed 
by  the  discovery  that  ACh  was  released  by  the  frog  vagus  nerve,2  introduced  the 
seminal  concepts  of  chemical  transmission  and  the  finding  that  a  single  chemical 
transmitter  exhibited  multiple  functions  at  distinct  effector  sites.  Since  that  time  the 
number  of  neurotransmitters  and  other  chemical  mediators  along  with  their  multiple 
receptor  subtypes  has  grown  at  a  phenomenal  pace.  One  of  the  most  challenging 
problems  confronting  the  biologist  is  the  functional  implication  of  multiple  forms  of 
receptors  and  their  interactions.  The  following  are  examples  of  the  diversity  of 
multiple  receptor  subtypes,  their  contributory  factors,  and  functional  implications. 

•  Differences  in  the  time  course  of  neurally  elicited  responses. 

Example:  Fast  excitatory  postsynaptic  potential  of  nicotinic  receptors  and  slow 
excitatory  postsynaptic  potential  of  muscarinic  cholinergic  receptors.3-4 

•  Receptors  linked  to  signal  transduction  systems  require  structural  alterations 
for  specific  molecular  associations  and  reactions. 

Example:  ^-Adrenoreceptor  interacts  with  a  stimulatory  Gs-protein  to  gener¬ 
ated  cAMP,  whereas  a2-adrenoreceptor  interacts  with  an  inhibitory  Gr 
protein  to  attenuate  cAMP  production. 

•  Differences  in  receptor  microenvironment  and  function  at  heterologous  effec¬ 
tor  cells. 

Example:  Nicotinic  receptors  at  neuromuscular  junction  and  ganglion  cells. 

•  Differences  in  receptor  microenvironment  of  homologous  effector  cells. 
Example:  nAChR  subtypes  in  various  homologous  effector  cells. 

•  Differences  in  subcellular  localization  associated  with  functional  diversity. 
Example:  GABAb  presynaptic  autoreceptors  and  GABAa  postsynaptic  recep¬ 
tors. 

•  Differences  in  neuronal  receptor  sensitivity  to  neurotransmitter. 

Example:  Cl"  gated  channels  of  GABAa  receptors  containing  |32y2  subunits, 
such  as  the  cerebral  cortex,  are  more  responsive  to  GABA  than  cells  with  piyl 
subunits,  which  are  more  prevalent  in  the  cerebellum.5 

•  Heterology  of  regulatory  allosteric  sites  of  receptors. 

Example:  GABAa  receptors  in  cerebellar  pyramidal  and  granular  cells  compris¬ 
ing  y2  subunits  are  sensitive  to  benzodiazepines,  whereas  cells  containing  a2 
subunits  are  insensitive.6 

•  Differences  in  coupling  efficiency  of  receptors  to  G-proteins. 

Example:  A  mutation  of  the  (32-adrenoreceptor  favors  its  interaction  with  Gs, 
resulting  in  elevated  production  of  cAMP.7  Spontaneous  mutation  of  G-protein- 
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coupled  receptors  may  result  in  various  pathologies,  as  exemplified  in  the 
rhodopsin  system  where  a  point  mutation  in  lys296,  which  restricts  the 
attachment  to  retina,  leads  to  increased  sensitivity  to  light  and,  eventually, 
retinal  degeneration.8 

•  Heteromeric  subunit  composition  imparts  differences  in  ion  selectivity  and/or 
conductance. 

Example :  The  AMPA-glutamate  receptor  subtype  exhibits  fast  conductance, 
low  Ca2+  permeability,  and  Mg2+  blockade;  whereas  the  NMDA  receptor 
exhibits  slow  conductance,  high  Ca2+  permeability,  and  Mg2+  insensitivity.9 
This  distinction  is  attributed  to  a  single  amino  acid  in  the  M2  membrane 
spanning  segment  of  the  receptor  subunit:  a  glu  or  arg  in  the  AMPA  receptor 
subunit  (GluRB)  and  an  asn  in  the  NMDA  subunit  (NR1  or  NR2). 

•  Receptor  subtypes  capable  of  coupling  to  different  G-proteins. 

Example:  A  chicken  m4  gene  expressed  in  CHO  cells  exhibits  forskolin- 
stimulated  cAMP  production  and  agonist-stimulated  phosphoinositide  turn¬ 
over,  whereas  its  expression  in  Y1  cells  results  in  agonist-inhibited  cAMP 
production,  but  no  stimulation  of  phosphoinositide  turnover.10 

•  Changes  in  receptor  subunits  during  development  associated  with  neuronal 
maturation. 

Example:  In  the  adult  nervous  system  activation  of  the  glutamate-AMPA 
receptor  elicits  a  current  with  a  fast  and  steady-state  component,  whereas  in 
the  immature  brain  the  desensitizing  component  is  greatly  reduced  or  absent.11 

•  The  distribution  of  receptor  subtypes  may  be  a  mechanism  for  targeting 
receptors  to  distinct  neurons  or  neuroanatomic  regions. 

Example:  Type  I  sodium  channels  are  located  in  pyramidal  and  dentate  gyrus 
cell  bodies,  whereas  type  II  channels  are  localized  in  myelinated  fibers.12 

•  Variation  of  coupling  efficiency  of  receptor  subtype  to  G-proteins. 

Example:  The  sevenfold  greater  D1  receptor-stimulated  cAMP  production  in 
the  corpus  striatum  as  compared  to  the  substantia  nigra  appears  to  be  related 
to  the  greater  concentration  of  G0if  present  in  the  striatum.13  Because  low 
levels  of  Gs  are  found  in  the  substantia  nigra,  it  would  appear  that  the 
difference  is  due  to  distinct  D1  receptor  subtypes. 

•  Variations  in  allosteric  sites  of  receptor  subtypes  regulating  excitatory  param¬ 
eters. 

Example:  The  nAChRs  exhibit  multiple  conformational  states  associated  with 
activation,  channel  openings,  and  desensitization,  involving  sites  that  are 
distinct  from  the  ACh  recognition  site.14  Included  among  the  physiologic  and 
pharmacologic  factors  acting  on  such  sites  are  divalent  cations,  neuropeptides, 
hormones,  diverse  neurotropic  drugs,  membrane  potential,  and  phosphoryla¬ 
tion. 

•  Phylogenetic  changes  in  receptors. 

Example:  Neurotransmitters  and  neuropeptides  are  present  in  primitive  organ¬ 
isms  lacking  nervous  systems,  where  they  may  be  linked  to  signal  transduction 
mechanisms  via  specific  receptors  regulating  such  factors  as  growth,  differen¬ 
tiation,  and  cell  motility.15  Receptors  and  their  subtypes  underwent  further 
development  and  diversification  as  neural  control  of  such  functions  evolved. 

•  Variations  in  subunit  composition  of  receptor  subtypes  associated  with  differ¬ 
ences  in  conductance  characteristics. 

Example:  Studies  with  transfected  cells  expressing  a  1(32,  al-y2,  and  al(32y2 
subunits  of  rat  GABAa  receptors  showed  differences  in  the  time  characteris¬ 
tics  of  chloride  channel  conductance,  depending  primarily  on  the  presence  or 
absence  of  (32  and  y2  subunits.  GABA-activated  currents  in  cells  expressing  (32 
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subunits  exhibited  faster  desensitization,  greater  outward  rectification,  and 
shorter  mean  opening  time  than  receptors  composed  of  aly2  subunits.15 


OVERVIEW 

The  intent  of  this  conference  entitled  Functional  Diversity  of  Interacting  Recep¬ 
tors  was  to  contribute  to  a  better  understanding  of  the  functional  significance  of 
receptor  diversity,  by  addressing  such  topics  as  the  genetic  regulation  and  expression 
of  receptor  subtypes;  the  differential  functional  characteristics  of  neurons  with 
distinct  subtypes;  second  messenger  and  ion  channel  diversity  associated  with 
receptor  isoforms;  species  and  regional  neuroanatomic  differences  in  receptor 
subtypes;  receptor  changes  associated  with  chronic  exposure  to  agonists  and  antago¬ 
nists  and  occurring  with  age  and  pathologic  states;  and  the  interaction  of  different 
receptors  in  functional  regulation.  Inasmuch  as  our  knowledge  of  the  structural, 
genetic,  and  functional  features  of  the  nicotinic  cholinergic  receptors  appears  to  be 
more  advanced  than  that  of  other  receptors,  the  emphasis  of  the  conference  was  on 
cholinergic  receptors  and  their  interaction  with  other  receptors.  Also  included  were 
presentations  dealing  with  adrenergic,  dopaminergic,  histaminergic,  gabaminergic, 
excitatory  amino  acid,  and  peptidergic  receptors  and  their  interactions  and  func¬ 
tional  implications  in  health  and  disease. 

The  conference  began  with  a  presentation  reviewing  recent  findings  on  the 
nature  of  ion  channels  associated  with  the  various  neuronal  nAChR  subtypes  and 
describing  the  use  of  specific  ligands  for  probing  ion  channels  and  nicotine’s  binding 
site.  A  discussion  of  the  structure-activity  relationships  of  novel  subtype-selective 
opioid  peptides  was  presented  to  illustrate  the  principles  involved  in  the  design  of 
agonists  and  antagonists.  With  the  use  of  synthetic  peptides  related  to  the  a  subunit 
of  the  nAChR,  it  was  shown  that  a-bungarotoxin  binds  to  amino  acids  in  the  180-200 
region  ( Torpedo  numbering)  of  the  a  subunit,  whereas  K-bungarotoxin  binds  to 
region  51-70  of  the  neuronal  a3  subunit.  Two-dimensional  pHjNMR  studies  on 
complexes  formed  between  a-bungarotoxin  and  18-mer  peptide,  corresponding  to 
185-196  sequence  of  the  Torpedo  a  subunit,  demonstrated  the  involvement  of  H186, 
W187,  Y189,  and  Y190  in  the  contact  zone.  Patch  clamp  studies  on  cultured  rat 
hippocampal  neurons  revealed  the  presence  of  two  nAChR  receptors  with  different 
properties:  an  a-bungarotoxin-sensitive  one,  which  was  shown  by  in  situ  hybridiza¬ 
tion  to  contain  an  cl-j  subunit,  and 

Presynaptic  nAChRs  were  shown  to  be  involved  in  the  release  of  norepinephrine 
(NE)  from  the  CA1,  CA3,  and  DG  regions  of  the  hippocampus,  in  the  modulation  of 
NE  release  from  vas  deferens  and  in  the  release  of  acetylcholine  from  the  neuromus¬ 
cular  junction.  The  hippocampal  nAChR  was  believed  to  comprise  the  a302  subunits. 
With  the  use  of  photoreactive  agonists  for  nicotinic  cholinergic  and  other  neurotrans¬ 
mitter  receptors,  a  novel  laser-pulse  photolysis  method  with  a  microsecond  time 
resolution  was  used  to  determine  the  rate  constants  for  ion  channel  opening  and 
closing,  the  concentration  of  the  open  channel,  and  the  binding  constants  of 
inhibitors  to  sites  on  both  the  open  and  closed  channels.  The  combined  use  of 
immunochemical,  histochemical,  and  autoradiographic  techniques  was  described  for 
mapping  the  muscarinic  cholinergic  projections  from  the  nucleus  basalis  to  the 
thalamus  and  cerebral  cortex,  from  the  prepeduncular  pontine  nucleus  to  the 
thalamus,  and  other  projections  involving  the  sensory-limbic  and  reticular  activating 
systems.  By  co-transfecting  a  cAMP  response  element-driven  reporter  gene  with 
various  muscarinic  receptor  genes,  it  was  demonstrated  that  both  the  ni;  and  m4 
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increase  cAMP  production,  whereas  high  levels  of  expression  of  m4  cause  agonist- 
independent  inhibition  of  adenylate  cyclase  via  G^. 

Monoclonal  antibodies  to  the  various  a  and  (3  subunits  of  nAChR  were  used  to 
demonstrate  that  ganglia  and  retina  contain  uncertain  combinations  of  as,  |32,  and  p3 
subunits,  and  brain,  mainly  the  stoichiometry  (a4)2((32)3  as  well  as  two  functional 
a-bungarotoxin-binding  subunits,  a7  and  a§.  A  study  of  patterns  of  regulation  of 
nAChR  subtypes  in  various  transfected  cell  lines  revealed  that  ganglionic  nAChR 
mRNA  and  function  are  stimulated  by  nerve  growth  factor,  whereas  nicotine 
exposure  increased  muscle  nAChR  numbers  but  with  a  loss  of  function.  A  presenta¬ 
tion  on  brain  nicotinic  receptors  and  cholinergic  transmission  raised  issues  concern¬ 
ing  (1)  the  relationship  of  cholinergic  innervation  to  brain  nicotinic  cholinergic 
receptors  as  determined  by  such  techniques  as  autoradiography,  immunocytochemis- 
try,  and  lesioning  brain  pathways;  and  (2)  the  functional  significance  of  brain 
nicotinic  receptors. 

The  afternoon  session  of  the  second  day  was  devoted  to  the  functional  interac¬ 
tion  of  various  neurotransmitter  and  neuropeptidergic  receptors,  describing  their 
neuroanatomic  distribution,  subtype  specificity,  and  their  pathologic-therapeutic 
implications.  Despite  the  fact  that  all  three  (3-adrenergic  receptors  were  structurally 
similar  and  bound  to  the  same  trimeric  Gs-protein  coupled  positively  to  adenylate 
cyclase,  they  exhibited  striking  differences  in  their  agonist-antagonist  profile  and 
regulation,  which  were  attributed  to  specific  point  mutations.  A  number  of  presenta¬ 
tions  referred  to  the  role  of  antipsychotic  drugs  in  elevating  brain  neurotensin  in  the 
neostriatum.  On  the  basis  of  findings  demonstrating  that  haloperidol  both  decreased 
and  increased  neurotensin  mRNA — the  former  via  D3  and  the  latter  via  D2  receptors 
in  the  nucleus  accumbens — it  was  inferred  that  the  antipsychotic  drugs  alleviated 
positive  symptoms  (e.g.,  hallucinations,  anxiety)  by  acting  on  D2  receptors,  whereas 
negative  symptoms  (e.g.,  stereopoty,  increased  self-stimulation)  appear  to  involve  D3 
receptors.  Neuroanatomic  combined  with  receptor  binding  studies  demonstrated 
interactions  between  dopamine  receptors  and  cholecystokinin  8,  which  produces 
behavioral  effects  (sedation,  catalepsy,  antistereopoty)  opposite  to  those  of  dopa¬ 
mine.  Localization  of  the  peptide  binding  domain  of  the  substance  P  receptor  was 
performed  by  attachment  of  a  photolabile  amino  acid,p-benzoyl-L-phenylalanine,  to 
positions  4  and  8  of  substance  P  and  structural  analysis  of  the  photolabeled  substance 
P  receptor  fragments  isolated  from  receptor-transfected  CHO  cells. 

Renewed  interest  in  the  functional  role  of  histamine  in  the  central  nervous 
system  has  resulted  from  the  cloning  and  expression  of  the  Hi,  H2,  and  H3  receptors. 
The  Hi  receptor  increased  cAMP,  inositol  phosphates,  and  arachidonic  acid,  whereas 
the  H2  receptor  increased  cAMP  and  decreased  arachidonic  acid  production. 
1-Methylhistamine,  which  has  a  1500-fold  greater  affinity  than  histamine  for  the  H3 
receptor,  may  be  an  endogenous  candidate  for  the  neuronal  H3  autoreceptor. 

The  presentations  on  opioid  receptors  dealt  with  topics  ranging  from  the 
purification  of  a  (x-receptor,  cloning  and  expression  of  K-receptors,  structure-activity 
relationships  of  subtype-selective  opioid  peptides,  to  receptor  changes  after  chronic 
exposure  to  opiate  agonists  and  antagonists.  With  the  cloning  of  the  various  opioid 
receptor  subtypes  the  techniques  of  recombinant  expression,  immunocytochemistry, 
and  in  situ  hybridization  have  been  used  to  eludicate  the  functional  as  well  as 
subcellular  and  neuroanatomic  localization  of  subtypes  of  opioid  receptors  in  brain 
and  spinal  cord.  Among  the  novel  findings  were  that  8-receptor  is  found  mainly  on 
axons,  the  |x-receptor  on  plasma  membranes  of  axons,  cell  bodies,  and  dendrite,  and 
that  the  enkephalin-containing  terminals  are  proximal  to  8-  or  (x-receptors. 

Molecular  genetic  studies  of  the  melanocortin  (MSH)  receptor  revealed  it  to  be  a 
unique  bifunctionally  controlled  receptor,  positively  regulated  by  MSH,  resulting  in 
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brown-black  pigmentation,  and  negatively  regulated  by  the  agouti  peptide,  resulting 
in  variable  pigmentation  in  coat  color. 

The  final  session  dealt  with  the  structural,  neuroanatomic,  functional,  and 
clinical  aspects  of  the  various  excitatory  amino  acid  (EAA)  and  GABA  receptors.  To 
date  three  subtypes  of  EAA  receptors  are  known:  a  quisqulate-  or  AMPA-sensitive 
one  existing  in  four  isoforms  with  70%  homology,  a  kainate-sensitive  one  with  75% 
homology,  and  a  NMDA-sensitive  one  existing  in  five  isoforms  with  25%  homology. 
Studies  with  selective  agonists  and  antagonists  suggest  that  the  NMDA  receptor  is 
implicated  in  brain  damage  associated  with  status  epilepticus,  the  quisqulate  recep¬ 
tor  with  general  anesthesia,  and  the  NMDA  receptor  with  head  injury.  The  release  of 
GABA  from  cultured  retinal  cells  was  mediated  by  glutamate  receptors  and  found  to 
be  calcium-dependent  and  blocked  by  nifendipine.  Bilateral  lesioning  of  connections 
between  the  rat  temporal  cortex  and  the  lateral  entorhinal  cortex  resulted  in  an 
impairment  of  retroactive  and  proactive  memory  and  a  reduction  in  glutamate 
receptors  and  loss  of  terminals  in  both  regions.  In  addition  to  its  involvement  in  the 
release  of  intracellular  Ca2+,  EAA  receptor-mediated  formation  of  inositol  phos¬ 
phates  (IP)  stimulates  Ca2+  entry  in  synaptosomes  via  a  voltage-gated  channel, 
leading  to  a  further  increase  in  IP. 

Following  the  demonstration  that  the  memory  deficit  in  rats  was  attenuated  by 
cycloserine,  a  glycine-receptor  agonist,  clinical  trials  were  undertaken  in  Alzheimer 
patients  with  encouraging  results.  NMDA  receptors  appear  to  be  involved  in  the 
negative  symptoms  associated  with  schizophrenia  that  are  not  responsive  to  antido- 
paminergic  neuroleptics,  but  appear,  in  preliminary  clinical  trials,  to  be  attenuated 
by  large  doses  of  glycine.  The  hypothesis  that  nicotine  interacts  with  the  mesolimbic 
dopaminergic  system  to  improve  working  memory  gained  additional  support  from 
studies  demonstrating  that  the  administration  of  dopamine  agonists  along  with 
nicotine  improved  performance  of  rats  in  a  radial  maze. 

Investigations  of  the  subunit  composition  of  the  GABAa  receptor  by  immunocy- 
tochemical  and  in  situ  hybridization  techniques  revealed  the  existence  of  multiple 
forms  in  all  brain  areas  with  the  major  subunit  composition  oq  (32  y2-  Bergmann  glia 
cells  of  the  cerebellum  were  found  to  express  yq  and  a2.  A  monoclonal  antibody  for 
the  GABAb  receptor  was  shown  to  inhibit  the  binding  of  agonists  to  the  receptor  and 
to  prevent  the  GABA-mediated  inhibition  of  adenylate  cyclase  in  cerebral  synaptic 
membrane  preparations. 

In  order  to  account  for  the  shift  in  the  control  of  hepatic  glycogenolysis  from  a1B 
to  the  inhibitory  32-adrenergic  receptors  following  hepatic  injury  or  malignancies,  a 
mechanism  was  proposed  involving  the  translocation  of  protein  kinase  C  (PKC)  from 
the  cytoplasm  to  the  plasma  membrane.  In  addition  to  PKC,  which  is  involved  in  the 
uncoupling  of  the  a1B-receptor  and  coupling  of  (^-receptor,  arachidonic  acid  appears 
to  play  a  role  in  the  conversion. 

The  poster  sessions  included  such  topics  as  the  modulations  of  the  m2  muscarinic 
receptor  by  nitric  oxide;  autoregulation  of  ACh  release  in  rat  cerebrum  by  both  a 
stimulatory  m5  and  inhibitory  nq  muscarinic  receptor  subtype;  a2-adrenergic  regula¬ 
tion  of  body  temperature  via  inhibition  of  warm-sensitive  and  inhibition  of  cold- 
sensitive  hypothalamic  neurons  and  by  interaction  with  serotonergic  and  dopaminer¬ 
gic  systems;  interference  by  peptide  YY  of  cholecystokinin’s  inhibition  of  pancreatic 
secretion;  antagonism  by  polyamines  of  imipramine-induced  immobility  in  rats; 
inability  to  account  for  the  hypotensive  action  of  methionine  enkephalin  by  changes 
in  tyrosine  hydroxlase  and  catecholamine  metabolizing  enzymes;  advantages  of 
combined  agonist-antagonist  administration  in  smoking  cessation  therapy;  detection 
of  the  Tax  gene  in  human  macrophages  infected  with  HTLV-1;  expression  and 
functional  characterization  of  an  140-204  amino  acid  fragment  of  the  a  subunit  of 
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nAChR;  and  determination  of  glutamate  receptor  subtypes  involved  in  calcium 
influx  and  the  modulation  of  dopamine  release  in  hippocampal  synaptosomes. 
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Intercellular  and  intracellular  communication  is  of  critical  importance  to  the  organi¬ 
zation,  differentiation,  and  coordination  of  all  complex  living  systems.  The  need  to 
maintain  homeostasis  and  adjust  to  a  changing  environment  is  essential  to  the 
well-being  of  any  organism.  Complex  living  systems  have  adapted  to  their  environ¬ 
ments  and  developed  highly  differentiated  cells  with  specific  specialized  functions  by 
established  communication  networks  that  coordinate  the  structures  and  functions 
necessary  for  life.  In  general,  the  cells  utilize  a  variety  of  chemical  structures  that 
serve  as  chemical  messages  to  facilitate  information  transfer.  These  structures  can  be 
quite  simple,  such  as,  for  example,  glutamate,  a  simple  amino  acid,  or  alternatively 
they  can  be  complex  such  as  the  wide  variety  of  hormones  and  neurotransmitters  of 
which  insulin  is  an  example.  In  general,  the  message  is  a  signal  for  the  receiving  cell 
to  modify  or  modulate  its  properties,  and  most  commonly  the  messenger  (hormone, 
neurotransmitter,  growth  factor,  cytokin,  etc.)  manifests  its  effect  by  interaction  with 
a  cell  surface  receptor  or  acceptor  molecule  that  generally  is  a  macromolecule  such 
as  a  protein  or  glycoprotein.  This  interaction  generally  leads  to  a  change  in  the 
three-dimensional  structure  of  the  receptor.  The  conformational  change  in  the 
receptor  that  accompanies  formation  of  the  ligand-receptor  complex  is  the  stimulus 
necessary  to  trigger  a  variety  of  chemical  and  physical  events  in  the  cell  such  as 
alternations  in  enzymatic  activity,  metabolism,  ion  channel  properties,  gene  expres¬ 
sion,  and  many  other  biochemical  events.  Interestingly,  many  hormones,  neurotrans¬ 
mitters,  and  other  messenger  molecules  are  not  highly  selective  and  interact  with  a 
variety  of  receptor  types  and  subtypes  (Table  1).  This  promiscuity  is  also  a  useful 
tool  for  efficiency  in  the  biological  system,  but  presents  difficulties  in  trying  to 
understand  the  relationship(s)  between  the  structure  of  a  chemical  messenger  and  its 
biological  activity.  The  situation  is  further  complicated  by  the  fact  that  often  a 
particular  ligand  which  can  interact  with  a  well-defined  receptor  that  has  a  particular 
function  also  can  interact  with  other  related  receptors;  indeed,  this  is  often  the  case. 
Various  types  or  subtypes  of  receptors  have  been  postulated  to  exist,  and  in  recent 
years  these  ideas  have  been  proven  by  the  cloning  and  expression  of  multiple 
receptor  types  and  subtypes  (Table  2).  Although  the  examples  in  Tables  1  and  2  are 
not  comprehensive,  they  illustrate  the  complex  way  in  which  hormones,  neurotrans- 
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table  i.  Examples  of  Endogenous  Ligands  That  Interact  with  Multiple  Receptor 
Types  and  Subtypes 


Ligand 

Receptor  Type  or  Subtype 

[3-Endorphin 

p,  k,  and  8  (and  e)  Opioid  receptors 

Dynorphin 

k,  p, ,  and  8  Opioid  receptors 

a-Melanotropin 

MCI,  MC3,  MC4,  MC5  Receptors 

Somatostatin 

Somatostatin  receptors,  p-/e-opioid  receptors 

Cholecystokinin 

CCK-A  and  CCK-B  Receptors 

mitters,  and  other  biological  messages  interact  with  a  variety  of  different  receptors  to 
modulate  and  modify  biological  function. 

In  fact,  the  interactions  are  more  comprehensive  than  implied  by  these  Tables. 
Once  the  interaction  of  a  hormone  or  neurotransmitter  ligand  with  its  receptors  has 
occurred,  a  variety  of  further  interactions  and  changes  occur.  These  effects  can  be 
viewed  from  several  perspectives.  For  example,  the  interaction  may  lead  to  coupling 
of  the  receptors  with  various  membrane-associated  molecules  such  as  ion  channels 
whose  properties  themselves  become  modified,  leading  to  changes  in  cellular  func¬ 
tions  or  properties.  Alternatively  signal  transduction  may  occur.  The  classical 
example  is  the  modulation  of  the  interaction  of  the  receptor  with  G-proteins  to 
eventually  produce  molecules  which  themselves  act  as  signals  such  as  cyclic- 
adenosine  monophosphate  (c-AMP),  phospholipid  metabolites,  etc.  These  in  turn 
activate  other  enzymes  or  proteins  eventually  producing  regulation  of  cell  functions. 
Also,  receptor-ligand  interactions  can  lead  to  dynamic  trafficking  events  in  which  the 
receptor-ligand  complex  is  internalized  into  the  cell  via  endocytosis.  In  some  cases, 
this  process  occurs  in  addition  to  the  signal  transduction  process  or  the  receptor 
interaction  with  membrane-associated  molecules.  These  internalized  receptor  com¬ 
plexes  can  elicit  or  alter  various  cellular  responses  in  the  short  term,  and  in  the  long 
term  can  have  dramatic  effects  because  the  receptors  have  been  removed  from  the 
cell  surface,  reducing  the  receptor  number  and  dramatically  modifying  the  possibility 
for  ligand-receptor  interactions  (down-regulation;  the  opposite  effect  also  can  occur 
in  some  cases,  that  is,  up-regulation). 

Various  time  domains  are  also  associated  with  the  ligand-receptor  interactions 
which  complicate  matters.  There  are  short-term  responses  on  the  order  of  millisec¬ 
ond  to  minutes  due  to  rapid  changes  in  ion  concentrations  and  other  metabolic 
processes,  as  well  as  long-term  responses  that  can  take  minutes  to  hours,  including 
those  that  require  protein  modification  or  even  protein  synthesis.  Thus,  a  variety  of 


table  2.  Selected  Neurotransmitter  and  Hormone  Receptors  and  Their  Proposed 
Receptor  Types  and  Subtypes 


Receptor 

Types  or  Subtypes 

Opioid 

3  Types:  jx,  8,  k  (5  or  more  subtypes) 

Adrenergic 

<*i  (3),  a2  (3) 

Pb  p2>  p3 

Cholecystokinin 

CCKa,  CCKb 

Histamine 

h,,h2,  h3 

Dopamine 

Dl,  D2,  D3,  D4,  D5 

Adenosine 

Aj,  A?(2),  A3,  A4 

Tackykinin 

NK1,  NK2,  NK3 

Glutamate 

mGluRi,  mGluR2,  mGluR3,  mGluR4,  mGluRs 
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regulatory  processes  in  the  cell  can  be  modified,  and  each  will  depend  on  complex 
kinetic  and  thermodynamic  processes.  At  the  moment,  the  complexity  of  what 
previously  seemed  like  a  rather  “simple”  pharmacological  or  physiological  process 
appears  to  be  increasing  daily  as  new  factors,  enzymes,  protein  domains,  and 
substrates  increase.  On  the  other  hand,  it  seems  clear  that  the  cellular  responses  to 
ligand-receptor  interactions  as  understood  in  terms  of  chemistry  and  structure  open 
a  new  world  of  opportunity  for  understanding  normal  and  disease  processes  and  new 
possibilities  for  the  treatment  of  disease. 

Obviously,  this  is  an  exciting  and  rapidly  expanding  area  of  science,  and  one 
cannot  possibly  do  justice  to  it  in  a  short  paper.  The  interested  reader  is  referred  to 
the  literature  and  many  excellent  books  on  the  subject1"3  for  a  more  comprehensive 
treatment.  In  this  paper  we  briefly  discuss  the  molecular  organization  of  receptors 
from  the  standpoint  of  ligand-receptor  interactions  in  particular,  and  then  concen¬ 
trate  on  the  design  of  ligands  for  obtaining  potent  and  selective  agonists  and 
antagonists,  with  particular  emphasis  on  design  considerations  that  lead  to  selectivity 
and  high  agonist  and  antagonist  potency.  Thus,  we  concentrate  primarily  on  the 
ligands.  Though  many  transmembrane  receptors  have  been  cloned  and  expressed 
and  are  available  for  functional  studies,  they  still  are  not  available  in  quantities 
sufficient  for  biophysical  studies,  and  it  appears  that  it  will  be  some  time  before  they 
will  be  available  because  of  difficulties  of  purifying  membrane-bound  proteins  and 
glycoproteins. 


GENERAL  CONSIDERATIONS 

Efforts  to  understand  the  relationship  between  ligand  structure  and  conforma¬ 
tion  and  the  dynamics  and  thermodynamics  of  the  various  binding  events,  as  well  as 
the  biochemical  changes  they  induce,  are  critical  to  future  progress.  This  requires  a 
highly  interdisciplinary  approach  involving  aspects  of  synthetic  chemistry  including 
asymmetric  synthesis,  computer-aided  molecular  design,  biophysical  studies  of  con¬ 
formation  and  dynamics  in  the  context  of  structure-activity  relationships,  and 
comprehensive  multiple  bioassay  systems,  so  that  aspects  of  potency,  agonist/ 
antagonist  biological  activity,  and  efficacy  can  be  understood  in  terms  of  ligand 
structure,  conformation,  and  topography.  FIGURE  1  illustrates  the  interrelationships 
of  each  component  of  this  comprehensive  approach.  If  any  component  is  left  out  it 
will  be  difficult  to  develop  a  successful  approach. 

Synthetic  considerations  are  of  primary  importance  because  any  effort  to  obtain 
highly  potent  and  selective  ligands  will  require  a  well-developed  approach  to 
synthesize  designed  ligands  and  then  the  ability  to  readily  modify  them  for  structure- 
activity  studies,  but  also  for  studies  of  conformation  and  stability-bioavailability. 
Often  these  two  latter  kinds  of  studies  require  highly  specialized  amino  acids, 
heterocyclics  or  other  structures  that  contain  specific  isotopes  or  radioisotopes  that 
need  to  be  incorporated  and  that  have  minimal  or  no  effects  on  biological  properties. 
Furthermore,  the  current  demands  of  science  and  medicine  often  require  that  the 
ligand  of  interest  be  prepared  in  a  pure  chiral  state.  This  requires  development  of 
asymmetric  synthesis  or  chiral  resolution  methods. 

The  design  of  ligands  today  generally  is  a  combination  of  the  classical  medicinal 
chemistry  approach  of  systematic  modification  of  lead  structures,  and  extensive  use 
of  biophysical  studies  (x-ray  crystallography,  nuclear  magnetic  resonance  [NMR] 
spectroscopy,  circular  dichroism  [CD]  spectroscopy,  fluorescence  spectroscopy,  and 
many  other  biophysical  tools)  in  combination  with  computer-assisted  modeling, 
molecular  mechanics  and  quantum  mechanics  calculations,  and  molecular  dynamics 
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studies.  Since  the  major  focus  of  our  examples  is  peptide  ligands  for  protein 
receptors,  we  consider  the  process  from  two  levels,  first,  that  of  peptide  structure 
and,  second,  that  of  peptide  and  peptidomimetic  design.  Figure  2  illustrates  the 
principal  conformational  properties  of  the  backbone  of  a  polypeptide  that  is  com¬ 
posed  of  <j>,  and  oo  torsion  angles.  The  peptide  bond  is  generally  trans  (180°)  but 
also  can  be  cis  for  X-proline  and  X-N-alkylated  amino  acid  bonds.  Thus  the  peptide 
backbone  conformation  is  primarily  a  function  of  the  4>  and  i|>  angles,  and  Ramachan- 
dran4’5  and  co-workers  showed  many  years  ago  that  the  low-energy  secondary 
structures  for  peptides  (a-helices,  0-sheets,  0-turns,  extended  conformations,  etc.) 
could  be  defined  by  the  <J>  and  v|>  angles  and  hence  <j>,4»  space  often  is  referred  to  as 
Ramachandran  space.6  Given  a  particular  peptide,  careful  analysis  of  4>,^  space  can 
provide  insights  into  the  likely  secondary  structures  for  that  peptide.  This  in  turn  can 
provide  a  starting  point  for  further  molecular  design  focused  on  enhancing  some 
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FIGURE  1.  A  comprehensive  approach  to  receptor  ligand  design. 


secondary  structure  and  conformational  property  believed  to  be  important  for  a 
particular  biological  effect. 

In  addition,  one  must  carefully  consider  the  side  chain  groups  on  each  amino  acid 
residue.  Questions  regarding  their  specific  requirements  for  a  particular  receptor 
often  can  be  addressed  by  an  alanine  scan  or  a  glycine  scan.  In  this  approach,  each 
amino  acid  residue  is  replaced  one  at  a  time  either  by  Ala  or  by  Gly,  and  the  effect  of 
each  replacement  examined  in  a  binding  assay  or  bioassay.  For  those  compounds  that 
remain  highly  potent,  it  is  concluded  that  the  side  chain  group  of  the  particular 
residue  substituted  is  not  important  for  biological  activity,  whereas  for  those  com¬ 
pounds  that  lose  all  activity,  it  is  assumed  to  be  very  important.  For  those  of 
intermediate  biological  activity,  judgment  is  reserved.  The  major  caveat  for  this 
approach  is  that  if  a  large  conformational  change  is  induced  by  the  substitution,  the 
change  in  biological  activity  or  potency  may  not  properly  reflect  the  actual  situation. 
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FIGURE  2.  Definition  of  peptide  backbone  and  side  chain  torsional  angles. 
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Once  specific  side  chains  have  been  recognized  as  critical,  the  question  arises  as  to 
which  side  chain  conformation  is  important  for  a  particular  ligand-receptor  interac¬ 
tion.  Figure  2  defines  the  three  main  low-energy  side  chain  conformations  for  most 
a-amino  acids  in  a  peptide:  gauche(-)  [g— ),  gauche(H-)  [g+],  and  trans,  respectively. 
The  chi  angles  are  defined  in  Figure  2.  Similar  definitions  can  be  given  forx2  and  for 
further  removed  side  chain  moieties.  Examination  of  side  chain  conformational 
space  (often  referred  to  as  chi  space)  is  of  more  recent  origin  (see,  for  example,  refs. 
7  and  8)  and  can  be  very  illuminating.  Recent  studies  have  demonstrated  that 
conformational  constraints  in  chi  space  can  have  a  profound  effect  on  peptide  and 
peptidomimetic  biological  potencies  and  selectivities.7’9-12  The  use  of  constraints  in 
chi  space  is  expected  to  play  an  increasingly  important  role  in  peptide  and  peptidomi¬ 
metic  design. 

It  is  important  to  emphasize  that  the  developments  of  the  past  15  years  have 
made  it  possible  to  develop  a  systematic  approach  to  peptide  and  peptidomimetic 
design  (Table  3).12"17  The  major  goal  of  this  approach  is  to  define  a  specific 


table  3.  Steps  in  Peptidomimetic  Design _ _ 

Define  target 

Establish  multiple  assay  systems  with  positive  and  negative  controls 
Obtain  peptide  lead 
Native  ligand 
Peptide  libraries 

Define  key  residues  for  molecular  recognition  and  transduction  (often  different  for 
agonists  and  antagonists) 

Consensus  sequence 

Discontinuous  epitope;  address/message 
Alanine  scan;  D-amino  acid  scan;  etc. 

Define  pharmacophore 
Local  constraints 

Global  constraints-Built-in  stability 
Topographical  constraints-Chi  space 
Agonist  versus  Antagonist 
Selectivity 
Efficacy 

Design  pseudopeptide,  peptoid  or  nonpeptide  scaffold 
Surface  and  presentation  platform 
Optimize  molecular  recognition  motif 
Fine-tune  for  selectivity,  potency,  bioavailability,  etc. 


pharmacophore  of  a  particular  receptor  or  acceptor  molecule,  and  evaluate  its 
validity  by  specific  design  of  a  ligand  with  predictable  agonist  or  antagonist  activities. 

It  should  be  clear  that  ongoing  evaluations  of  biological  activities  including 
potency,  selectivity,  efficacy,  agonist  activity,  and  antagonist  activity  are  critical  for 
the  success  of  any  ligand  design  process.  Inasmuch  as  most  native  peptide  ligands  are 
not  selective  for  one  receptor  type  or  subtype,  it  is  critical  to  develop  multiple 
bioassays  and  binding  assays  to  be  successful.  There  are  now  many  examples  of 
obtaining  highly  selective  ligands  for  receptors  from  a  nonselective  lead  structure, 
and  this  only  is  possible  if  multiple  binding  and  bioassays  are  used.  As  for  the  assay,  it 
should  be  remembered  that  a  good  assay  is  a  chemical  experiment  in  that  valid 
results  can  be  obtained  only  if  the  experiment  is  done  at  equilibrium  and  with  full 
consideration  of  the  laws  of  thermodynamics.  The  use  of  proper  controls  and  the 
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elimination  of  nonspecific  binding  effects  and  nonspecific  biological  effects  are  also 
critical  for  success. 

We  now  turn  to  a  few  specific  illustrations  of  what  is  possible  in  the  area  of  design 
of  potent  receptor  selective  ligands.  We  will  emphasize  studies  from  our  laboratory 
with  particular  emphasis  on  ligands  for  the  opioid  receptors,  especially  the  8-opioid 
receptor  type  and  its  subtypes.  First  we  will  examine  agonist  activities,  and  then  turn 
to  antagonists. 


POTENT  AND  SELECTIVE  AGONISTS 

Most  naturally  occurring  hormones,  neurotransmitters,  growth  factors,  and  other 
chemical  messengers  are  agonists  in  interactions  with  their  endogenous  receptors, 
that  is,  they  tend  to  induce  or  stimulate  some  specific  activation  response  in  the 
targeted  cell.  As  previously  discussed,  most  of  these  compounds  do  not  have  high 
selectivity  for  specific  receptor  types  and  subtypes  related  to  their  putative  major  site 
of  biological  activity.  Thus,  it  often  is  difficult  to  sort  out  which  biological  effects  are 
of  primary  physiological  importance  and  which  are  of  lesser  importance.  In  view  of 
these  problems,  it  was  necessary  to  develop  much  more  selective  ligands  for  specific 
receptors.  A  major  hypothesis  that  we  used  to  develop  a  systematic  and  rational 
approach  to  the  problem  is  that  each  receptor  type  and  subtype  has  specific  and 
different  stereostructural  and  conformational  requirements  for  the  ligands.  To  test 
this  hypothesis  requires  the  development  of  methods  for  introducing  conformational 
and  topographical  constraints.13-18  Often  this  approach  has  led  to  the  development  of 
highly  potent  and  receptor-selective  ligands.  To  illustrate  this  approach,  we  use  the 
example  of  the  development  of  constrained  enkephalin  and  deltorphin/ dermenkepha- 
lin  analogues  (Table  4). 

In  our  initial  approach  with  enkephalin  we  used  pseudoisosteric  cyclization19  in 
which  the  side  chain  of  the  Met5  residue  in  methionine  enkephalin  was  substituted 
for  a  disulfide  bridge  that  was  attached  to  the  a-carbon  of  Gly2,  and  then  to  further 
constrain  the  cyclic  13-membered  ring  by  use  of  geminal  dimethyl  groups  on  the 
(3-carbons  of  both  half-cysteine  residues.  This  design  led  to  the  ligands  of  c[D-Pen2, 
D-Pen5]enkephalin  (DPDPE)  and  c[D-Pen2,  L-Pen5]enkephalin  (DPLPE).20  These 
cyclic  peptidomimetic  ligands  of  enkephalin  were  found  to  be  highly  potent  ligands 
and  to  possess  highly  8-opioid  receptor  selectivity  because  of  their  greatly  reduced 
potency  at  |j,-opioid  receptors  and  their  virtual  inability  to  bind  to  K-opioid  recep¬ 
tors.2021  Comprehensive  biophysical  studies  using  two-dimensional  NMR  spectros¬ 
copy,  molecular  mechanics  calculations,  molecular  dynamics  simulations,  and  com¬ 
puter  modeling2223  led  to  a  proposed  conformation  in  which  the  two  aromatic 
residues  were  located  on  one  lipophilic  surface  that  was  believed  to  be  recognized  by 
the  8-opioid  receptor,  but  not  by  the  jjl-  or  K-receptors.  The  question  then  arose  as  to 
what  was  the  optimal  topography  of  the  aromatic  side  chain  groups.  This  was 
particularly  important  because  structure-activity  studies24  showed  that  both  aromatic 
residues  were  important  to  the  biological  activity  of  these  analogues.  This  has  taken 
on  added  interest  since  the  determination  of  the  x-ray  crystal  structure  of  DPDPE,25 
which  shows  that  the  cyclic  portion  of  the  DPDPE  structure  in  the  crystal  is  very 
similar  to  that  proposed  in  solution  using  NMR,  but  that  significant  differences  exist 
in  the  conformation  of  the  aromatic  residues,  especially  of  Tyr. 

Stereoelectronic  effects  of  the  Phe4  side  chain  of  DPDPE  were  explored  using  a 
variety  of  parasubstituted  groups.26  Compounds  with  much  higher  potency  and 
selectivity  for  the  8-opioid  receptor  were  obtained,  with  the  [p-BrPhe4]DPDPE 
(Tables  5  and  6)  being  especially  selective  and  potent.  We  then  explored  chi  space 
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table  4.  Structures  of  Naturally  Occurring  Delta  Ligands 

H-Tyr-Gly-Gly-Phe-Met-OH  Methionine  enkephalin 

H-Tyr-Gly-Gly-Phe-Leu-OH  Leucine  enkephalin 

H-Tyr-D-Ala-Phe-Asp-Val-Val-Gly-NH2  Deltorphin  I 

H-Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NH2  Deltorphin  II 

H-Tyr-D-Met-Phe-His-Leu-Met-Asp-NH2  _  Dermenkephalin 


using  a  variety  of  constrained  phenylalanine  analogues  such  as  1,2,3,4-tetrahydroiso- 
quinoline-3-carboxylic  acid  (Tic)27  in  which  the  chi-1  angle  takes  a  preferred  confor¬ 
mation  of  g(+).  This  compound  was  found  to  lose  both  its  potency  and  selectivity  for 
8-opioid  receptors  (Tables  5  and  6).  On  the  other  hand,  when  all  four  isomers  of  the 
constrained  amino  acid  p-methylphenylalanine  (0-MePhe)  were  placed  in  position  4 
of  DPDPE,  a  large  differentiation  of  binding  and  biological  activities  (orders  of 
magnitude  in  potency)28  was  observed.  One  of  the  compounds  [the  (S,S)-Phe4- 
containing  compound],  which  has  a  preferred  g(— )  side  chain  conformation,  was 
found  to  be  the  most  potent  and  selective  of  the  four  isomers,  and  though  it  lost 
about  10-fold  potency  at  the  8-receptor  compared  to  DPDPE,  it  was  about  10  times 
more  selective  in  the  binding  assay  (Tables  5  and  6).  In  an  effort  to  increase  the 
lipophilicity  of  DPDPE  for  crossing  the  blood-brain  barrier  (BBB)  and  to  develop  a 
prohormone  approach  to  DPDPE  ligands  (DPDPE  is  completely  stable  to  biodegra¬ 
dation  in  the  brain),  we  have  found  a  remarkable  new  series  of  cyclic  enkephalins, 

namely,  compounds  of  the  general  structure  H-Tyr-D-P^n-Gly-Phe(X)-Cyk-Phe-OH 
([Phe6]DPLCE)  in  which  X  =  L,  Cl,  F,  I,  etc.29  These  compounds  have  higher  affinity 
than  do  DPDPE  for  8-opioid  receptors,  and  the  />-IPhe4-analogue  is  1300-fold 
8-receptor  selective  (Table  5).  What  is  most  remarkable  is  their  potency  in  mouse 
vas  deferens  (MVD)  bioassays  for  the  8-receptor  where  they  are  found  to  have 
potencies  in  the  picomolar  range.  For  example,  [Phe6]DPLCE  has  an  IC50  value  of  16 
picomolar  and  5000-fold  selectivity  for  the  8-receptor  in  the  MVD  assay  (Table  6). 
These  findings  suggest  that  there  are  large  differences  in  stereostructural  require¬ 
ments  for  the  central  and  peripheral  8-opioid  receptors. 


table  5.  Binding  Affinities  and  Selectivities  of  8-Receptor  Agonists 


Compound 

Potencies  (nM) 

[i  5 

Selectivities 

p/8 

DPDPE 

610 

5.2 

120 

Deltorphin  I 

2,140 

0.60 

3,570 

Dermenkephalin 

1,900 

0.47 

4,000 

H-Tyr-D-Pen-Gly-pBrPhe-D-Pen-OH 

418 

1.73 

242 

H-Tyr-D-Pen-Gly-Tic-D-Pen-OH 

ND 

ND 

— 

H-Tyr-D-Pen-Gly-(S,S)  (3-MePhe-D-Pen-OH 

14,000 

10 

1,400 

[Phe6]DPLCE 

280 

1.6 

200 

[pIPhe4,Phe6]DPLCE 

1,600 

1.2 

1,300 

[(2S,3R)  p-MePhe3]Deltorphin 

>  72,000 

2.5 

>  29,000 

[(2S,3R)  0-MePhe3]Dermenkephalin 

>  70,000 

2.4 

>  29,000 

H-Tyr-D-Cys-Phe-Asp-Pen-Val-Gly-NH2 

3,760 

2.2 

1,700 

H-Tyr-D-Pen-Phe-Asp-Pen-Nle-Gly-NH2 

55,000 

4.8 

11,500 

[(S,S)-TMTI]DPDPE 

720 

210 

3.5 

[(S^-TMT^Deltorphin 

7,500 

0.65 

4,900 
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In  the  meantime,  the  first  truly  8-opioid  receptor  selective  natural  ligands  were 
found,  the  deltorphins  and  dermenkephalin  (Table  4).30>31  As  seen  in  Tables  5  and 
6,  these  compounds  were  both  more  potent  and  more  8-opioid  receptor  selective 
than  most  of  the  designed  cyclic  enkephalin  analogues.  Given  the  different  structures 
of  these  compounds  and  the  cyclic  enkephalins,  the  question  arose  as  to  why  these 
compounds  were  so  8-opioid  receptor  selective,  and  what  similarities  and  differences 
they  might  have  with  the  cyclic  enkephalins.  A  series  of  NMR  studies  in  several 
laboratories  showed  that  the  deltorphins  and  dermenkephalin  were  highly  flexible 
molecules  with  several  possible  low-energy  conformations,  and  that  these  conforma¬ 
tions  were  different  from  those  of  DPDPE.  This  led  to  the  use  of  computation 
methods  alone  or  in  combination  with  NMR  studies,  to  suggest  possible  topographi¬ 
cal  similarities  that  might  account  for  their  potent  8-opioid  activities.32-35  In  the 
meantime,  it  was  found  that  the  lipophilic  C-terminal  tetrapeptide  was  critical  for 
obtaining  a  potent  and  selective  8-ligand,  because  the  N-terminal  tripeptide  (tetra¬ 
peptide)  was  in  fact  p,-opioid  receptor  selective  (e.g.,  ref.  36).  Thus,  the  C-terminal  is 


table  6.  Bioassay  Potencies  and  Selectivities  of  8-Receptor  Agonists 


Compound 

Potencies 

GPI  MVD 

Selectivities 

DPDPE 

7,000 

2.2 

3,200 

Deltorphin  I 

2,890 

0.36 

8,000 

Dermenkephalin 

3,400 

0.28 

12,000 

H-Tyr-D-Pen-Gly-pBrPhe-D-Pen-OH 

13,400 

1.5 

9,000 

H-Tyr-D-Pen-Gly-Tic-D-Pen-OH 

>  300,000 

1,500 

>200 

H-Tyr-D-Pen-Gly-(S,S)  p-MePhe-D-Pen-OH 

57,400 

39 

1,500 

[Phe6]DPLCE 

83 

0.016 

5,200 

[pIPhe4,  Phe6]DPLCE 

640 

0.30 

2,100 

[(2S,3R)  p-MePhe3]Deltorphin 

16,000 

1.04 

25,000 

[(2S,3R)  p-MePhe3)Dermenkephalin 

>  100,000 

1.75 

>57,000 

H-Tyr-D-Cys-Phe-Asp-Pen-Val-Gly~NH2 

1100 

0.25 

4,400 

H-Tyr-D-Pen-Phe-Asp-Pen-Nle-Gly-NH2 

140,000 

8.8 

16,000 

[(SjSJ-TMT'JDPDPE 

290 

170 

1.7 

[(S,S)-TMT’]Deltorphin  I 

3,900 

0.70 

5,600 

modulating  the  conformational  properties  of  the  N-terminal  to  give  high  8  receptor 
potency  and  selectivity.  By  use  of  p-methylphenylalanine  in  position  3,  it  was  found 
that  the  selectivities  and  potencies  in  the  binding  assays  and  bioassays37  were  greatly 
dependent  on  the  side  chain  conformation  in  ways  that  were  different  from  those  of 
cyclic  enkephalin  analogues  (Tables  5  and  6).  Furthermore,  large  differences  were 
seen  for  potencies  at  |x-opioid  receptors  (data  not  shown).  These  results  led  to  the 
design  of  chimeras  of  the  cyclic  enkephalins  and  the  linear  deltorphins  and  dermen¬ 
kephalin.38  As  expected  (Table  5  and  6),  these  compounds  were  found  to  be  highly 
potent  and  selective. 

A  most  intriguing  finding  is  that  the  efficacy  of  DPDPE  and  deltorphin/ 
dermenkephalin  analogues  vary  somewhat  in  the  peripheral  bioassays.39  Generally, 
less  than  10%  occupancy  of  8-receptors  is  sufficient  for  a  full  biological  effect.  From 
these  studies,  it  is  clear  that  much  more  effort  should  be  placed  on  studies  of  those 
structural  features  that  promote  efficacy  and  more  effective  ways  to  measure  efficacy. 
Finally,  it  should  be  noted  that  while  these  studies  were  in  progress,  DPDPE  and 
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deltorphin,  in  functional  antinociception  assays,  were  found  to  be  interacting  with 
different  5-opioid  receptors  (see,  e.g.,  refs.  40-45).  By  using  8-opioid  receptor 
inhibitors,  it  was  possible  to  block  the  antinoceception  of  one  of  the  ligands  while 
having  no  effect  on  the  other.  This  led  to  the  proposal  for  5-receptor  subtypes,  5j  for 
DPDPE-related  compounds,  and  52  for  deltorphin-related  compounds.  Interest¬ 
ingly,  although  clear-cut  differences  exist  in  the  in  vivo  assays  for  8j  and  82  selective 
ligands,  thus  far  no  suitable  radiobinding  assay  has  been  developed  that  can 
distinguish  between  them,  even  using  radiolabeled  5i  and  52  ligands.  However,  we 
recently  have  developed  methods  for  the  synthesis  of  tyrosine  analogues  such  as 
P-methyl-2',6'-dimethyltyrosine  (TMT)  (all  four  isomers).  We  have  incorporated  the 
(2S,3S)  isomer  into  DPDPE  and  deltorphin  I  and  have  found  the  deltorphin  I 
analogue  (Tables  5  and  6)  to  be  highly  potent  and  selective  at  52-receptors,  whereas 
the  corresponding  DPDPE  analogue  lost  very  significant  binding  and  biological 
activity  potency.12  It  has  been  demonstrated  that  these  compounds  still  act  at  the  8r 
and  82-receptors,  respectively.  It  is  hoped  that  a  good  binding  ligand  can  be 
developed  from  the  deltorphin  I  analogue. 


POTENT  AND  SELECTIVE  ANTAGONISTS 

In  general,  there  is  no  straightforward  way  to  develop  antagonists  of  hormone 
and  neurotransmitter  ligands  from  knowledge  of  structure-activity  relationships  of 
agonists.45  First,  much  evidence  exists  that  agonists  and  antagonists  bind  differently 
to  receptors  (e.g.,  ref.  46)  and  thus,  receptor  selective  antagonists  must  initially  come 
from  leads  that  are  discovered  in  assays.  Because  binding  per  se  cannot  distinguish 
between  agonists  and  antagonists,  functional  assays  are  required  that  measure  either 
a  second  message  or  a  specific  bioactivity  in  tissue  in  whole  animals.  The  reason 
agonists  and  antagonists  have  different  structure-activity  relationships  is  that  they 
serve  quite  different  functions  on  interacting  with  the  receptor  molecule  (Table  7). 
In  brief,  because  the  conformation  of  a  receptor  in  its  agonist  state  is  different  from 
that  in  its  antagonist  or  (inactive)  state,  it  follows  that  the  ligand-receptor  interaction 
must  be  different  to  lead  to  a  different  conformation  for  the  complex.  We  will  discuss 
a  few  examples  from  our  laboratory  that  illustrate  a  few  of  the  principles  of 
antagonist  design.  Table  8  lists  some  of  the  selective  opioid  receptor  antagonists 
that  are  available. 

An  interesting  example  of  antagonist  design,  based  on  a  lead  from  a  differerU 
receptor  ligand,  is  the  conversion  of  somatostatin  (H-Ala-Gly-Cys-Lys-Asn-Phe- 


table  7.  Agonist  versus  Antagonist  Biological  Activities 


Agonist 

Binds  to  a  specific  site  in  the  receptor 

Leads  to  a  change  in  the  receptor 

Often  leads  to  phenomena  such  as  patching, 
desensitization,  etc. 

Residence  time  on  the  receptor  may  be  long 
or  short 


Antagonist 

Binds  to  the  agonist  site  (competitive)  or  to 
some  other  site  (noncompetitive)  on  the 
receptor 

Need  not  lead  to  change  in  receptor  confor¬ 
mation,  but  if  it  does  it  must  be  an  inactive 
conformation 

Generally  does  not  lead  to  patching,  desensi¬ 
tization,  etc. 

Generally  requires  long  residence  time  on 
the  receptor  to  be  effective 
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table  8.  Selected  Selective  Opioid  Receptor  Antagonists 


Ligand 

Receptor 

Selective 

D-Phe-Cys-Tyr’D-Trp'Orn-Thr-Pen-Thr-NH  2  (CTOP) 

M' 

D-Tic-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH  2  (TCTAP) 

M* 

[D-Ala2,  Leu5,  Cys6]Enkephalin  (DALCE) 

81 

[Cys4]Deltorphin  I 

82 

Naltrindole-5 '-isothiocyanate  (NTH) 

82 

H-Tyr-Tic-Phe-Phe-NH2  (TIPP) 

8 

N,N-diallyl-Tyr-Aib-Aib-Phe-Leu-OH  (ICI  174,864) 

8 

Naltrindole 

8 

Naltrexone 

M* 

TENA 

K 

Nor  BNI 

K 

P-Funaltrexamine  (£-FNA) 

Naltriben  (NTB) 

82 

BNTX 

Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys-OH)  from  a  potent  somatostatin  receptor- 
specific  ligand  to  a  potent  highly  fx-opioid  receptor  specific  antagonist.  The  approach 
came  from  three  considerations.47  First,  it  had  been  observed  that  at  very  high 
concentrations,  somatostatin  possessed  analgesic  activity.  Second,  the  Merck  group,48 
had  determined  that  a  |3-turn  around  the  Phe-Trp-Lys-Thr  sequence  (Fig.  3)  could 
account  for  most  of  the  potency  at  the  somatostatin  receptor.  We  felt  this  |3-turn 
would  poorly  interact  with  the  opioid  receptor,  and  hence  could  be  used  as  a  scaffold 
(or  template)  on  which  to  build  an  opioid  ligand.  Third,  investigators  at  Sandoz49  had 
found  that  their  superpotent  cyclic  disulfide-containing  octapeptide  analogue  of 
somatostatin  also  possessed  some  inhibiting  activity  in  a  neurotransmitter  assay. 

Taking  D-Phe-Cys-Phe-D-Trp-Lys-Thr-Cyk-Thr-OH  as  a  lead  compound,  we  found 
that  substitution  of  the  Phe3  residue  with  Tyr,  the  Cys7  residue  with  Pen  and 
terminating  the  peptide  as  a  carboxamide  group,  gave  a  compound  D-Phe-Cys-Tyr- 

Phe-D-Trp-Lys-Thr-Pen-Thr-  NH2  (referred  to  as  CTP)  design  that  had  binding 
properties  completely  different  from  somatostatin  (Table  9).  Unlike  somatostatin 
which  binds  very  poorly  to  |x-  and  5-opioid  receptors  (Table  9),  CTP  binds  strongly 
to  the  |x-opioid  receptor,  but  only  weakly  to  the  8-opioid  and  somatostatin  receptors 
in  the  brain  47  Subsequent  studies  showed  that  it  was  a  potent  in  vivo  (x-opioid 
receptor  antagonist.50  Comprehensive  2d  NMR  studies  showed  that  CTP  maintained 
the  type  IF  (3-turn  and  provided  considerable  insight  into  the  presentation  to  the 
receptor  of  the  D-Phe1,  Cys2,  Tyr3,  Pen7,  and  Thr-NH28  residues  that  appear  to  be 
involved  in  binding  to  the  jx-opioid  receptor.51  Interestingly,  although  the  jx-opioid 
receptor  activity  of  CTP  is  that  of  an  antagonist,  CTP  is  an  agonist  at  the  8-opioid 
receptor,  but  a  very  weak  one.52  Subsequent  studies  in  which  the  highly  constrained 
phenylalanine  analogue,  D-Tic  was  placed  in  position  1  gave  an  analogue,  which  was 
more  potent  and  even  more  selective  (Table  9), 5253  and  comprehensive  2d  NMR 
and  molecular  dynamics  investigations54  were  able  to  establish  the  preferred  confor¬ 
mation  and  topology  of  [D-Tic'jCTOP  for  recognizing  the  |x-opioid  receptor  in  an 
antagonist  state.  Furthermore  extensive  in  vitro  and  in  vivo  studies  established  that 
the  [ D-Tic1  ]CTAP  analogue  showed  none  of  the  residual  somatostatin-like  activities 
that  were  found  for  CTP.52-55  These  compounds  are  now  widely  used  as  jx-opioid 
receptor  antagonists,  and  are  particularly  useful  for  binding  and  in  vivo  studies 
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H-Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp 

H-O-Cys-Ser-Thr-Phe-Thr-Lys 

H-D-Phe-Cys-Phe-D-Trp 

HO-CH2-CH-NH-Cys  -  Thr  -  Lys 

CH-CH3 

OH 

SRIF  Receptor  Super  Agonist 


H-D-Tic-Cys-Phe-D-Trp 

I  I 

H2N-Thr-Pen  -Thr-Arg 


Highly  Potent  &  Selective  p  Receptor  Antagonist 
No  Somatostatin  -  like  Activity 

FIGURE  3.  Conversion  of  somatostatin  to  a  ^-opioid  receptor  antagonist.  (Based  on  results 
from  Bauer  era/.59;  Pelton  era/.47;  Kazmierski  and  Hruby.7) 

because  they  are  completely  stable  to  proteolytic  breakdown  and  have  a  very 
prolonged  in  vivo  inhibitory  effect  at  p-opioid  receptors.  Hence  unlike  naloxone,  a 
single  dose  of  compounds  such  as  CTAP  blocks  in  vivo  p-agonist  activity  such  as 
analgesia  for  several  hours. 

A  very  interesting  compound  recently  was  discovered  in  our  efforts  to  further 
investigate  the  topographical  requirements  for  CTAP-related  compounds.  In  this 
investigation,  we  place  a  cyclic  D-tryptophan  analogue  D-tetrahydrocarboline  (Tea) 
in  position  1  of  the  cyclic  octapeptide  series.  The  analogue  obtained,  [D-Tca^CTAP, 
had  a  most  unusual  activity  profile.56  Although  it  had  only  weak  binding  at  p-  and 
5-opioid  receptors  in  the  rat  brain  (IC50  values  of  173  and  220  nM,  respectively, 
Table  9),  and  has  corresponding  weak  agonist  activity  in  the  MVD  assay,  it  was  a 
very  weak  partial  agonist  at  p-receptor  in  the  GPI  assay.  However,  it  was  a  relatively 


HRUBY  et  al. :  MOLECULAR  ORGANIZATION 


19 


table  9.  Binding  Properties  of  Selective  jx-Opioid  Receptor  Selective  Ligands 


Compound 

Binding  Affinities  (nM) 

Selectivities 

5 

Somatostatin 

5/|x 

Somatostatin/ p- 

Somatostatin 

27,000 

16,000 

6 

0.00038 

.00022 

CTP 

3.7 

8,400 

3,690 

2,300 

1,000 

[Orn5]CTP  (CTOP) 

2.8 

4,000 

23,000 

1,400 

8,200 

[D-Tic'JCTAP 

1.2 

1,300 

34,300 

1,100 

29,000 

[D-Tic^CTOP 

1.4 

16,000 

20,400 

11,000 

15,000 

[D-Tca^CTAP 

173 

211 

ND 

1.2 

— 

potent  analgesic  (similar  to  DPDPE).56  Subsequent  studies  have  shown  that  the 
compound  primarily  interacts  with  the  |x-  and  52-receptors,  and  may  be  the  first 
example  of  a  compound  that  acts  at  the  |x82-receptor  complex  by  “self  potentiation.” 

A  variety  of  other  antagonists  for  opioid  receptors  have  been  developed  in 
several  laboratories,  especially  those  of  Portoghese57  and  Schiller.58  The  highly 
potent  and  8-opioid  receptor  selective  tetrapeptide  of  Schiller  et  al.,5S  H-Tyr-Tic-Phe- 
Phe-OH  (TIPP),  is  particularly  interesting,  and  demonstrates  the  power  of  conforma¬ 
tion  restriction  in  ligand  design  and  its  use  in  the  discovery  of  antagonists.  The 
finding  that  a  single  conformational  change  could  covert  a  |x -opioid  receptor  agonist 
to  a  potent  8-opioid  receptor  antagonist  is  most  intriguing.58  All  the  antagonists  in 
Tables  8  and  9  and  others  are  proving  to  be  very  useful  in  sorting  out  the 
complexities  of  the  opioid  receptor  systems  and  in  identifying  the  properties  of  the 
cloned  receptors  as  they  are  isolated  and  expressed. 


CONCLUSIONS 

The  complexity  of  most  hormones  and  neurotransmitters  as  manifested  by 
multiple  ligands  for  a  particular  biological  effect,  and  multiple  receptor  types  and 
subtypes  that  have  different  biological  activity  profiles  provide  a  profound  challenge 
to  chemists,  biologists,  and  physicians  who  seek  to  understand  these  systems  and 
translate  that  understanding  into  useful  medicine.  This  complexity  suggests  that  any 
understanding  of  these  processes  must  incorporate  an  array  of  integrating  systems. 
On  the  other  hand,  the  unique  biological  profiles  that  appear  to  be  associated  with 
specific  receptor  types  and  subtypes  suggest  that  highly  selective  ligands  for  a 
particular  receptor  can  provide  a  highly  specific  effect  and,  it  is  hoped,  useful  medical 
treatments.  The  challenge  to  sort  out  and  understand  the  complexities  remains 
undiminished,  but  the  opportunities  it  provides  grow  every  day.  It  is  hoped  that 
chemists,  biologists,  biophysists,  and  medical  doctors  will  cooperate  and  collaborate 
more  frequently  to  accelerate  this  process. 
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To  understand  the  brain,  we  must  know  how  nerve  cells  behave  and  how  they  interact. 

Francis  Crick 

The  Astonishing  Hypothesis' 

How  do  nerve  cells  receive  information  from  within  and  without  the  organism?  How 
can  they  store  information  for  short  and  long  periods  of  time?  What  role  do  chemical 
reactions  play  in  the  perception  and  storage  of  information?  Signal  initiation 
between  cells  of  the  nervous  system  is  regulated  to  a  large  extent  by  membrane- 
bound  proteins,  the  neurotransmitter  receptors.  The  proteins  in  the  membrane  of 
one  cell  bind  chemical  signals,  neurotransmitters,  released  by  a  neighboring  cell.  The 
reactions  involve  ligand-binding  steps  and  conformational  changes  of  the  protein. 
Upon  binding  a  specific  neurotransmitter,  the  receptors  form  transiently  open 
transmembrane  channels.  Receptors  for  excitatory  neurotransmitters  allow  sodium 
and  potassium  ions  to  pass  through  the  open  channels.  Receptors  for  inhibitory 
neurotransmitters  allow  the  passage  of  chloride  ions.  The  properties  of  the  receptor- 
mediated  reactions  are  fundamental  to  the  ability  of  a  neuron  to  function.  They 
determine  the  changes  in  transmembrane  voltage  that  trigger  signal  transmission 
between  neurons. 

Many  of  the  receptor-mediated  reactions  occur  on  a  sub-millisecond  time  scale. 
Until  recently,  chemical  kinetic  techniques  suitable  for  use  with  membrane-bound 
receptor  proteins  that  must  be  studied  in  intact  cells  and  vesicles  in  the  sub- 
millisecond  time  region  were  not  available.  When  it  was  observed  that  desensitiza¬ 
tion  (the  transient  and  reversible  inactivation)  of  a  neurotransmitter  receptor  can 
occur  in  the  millisecond  time  region,2-3  such  techniques  were  developed.3-7  They 
allow  one  to  determine  (1)  the  ligand-binding  properties  of  the  active  form  both 
before  and  after  the  receptor  has  desensitized,5  (2)  the  rate  constants  for  receptor 
desensitization,5  and  (3)  the  rate  constants  for  the  formation  of  the  open  transmem¬ 
brane  channel.8-9 

Here  we  describe  three  aspects  of  our  work.  First,  we  outline  why  we  use 
chemical  kinetic  approaches  to  study  receptor-mediated  reactions  on  the  sub¬ 
millisecond  time  scale.  Then  we  describe  a  newly  developed  chemical  kinetic 
method,  laser-pulse  photolysis  of  caged  neurotransmitters,  with  a  time  resolution  on 

aThis  research  was  supported  by  grants  from  the  National  Institutes  of  Health  (GM04842 
and  NS  08527)  and  the  National  Science  Foundation  (922061). 

*  Corresponding  author. 
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Scheme  1.  Chemical  mechanism  for  the  acetylcholine  receptor  from  E.  electricus  electroplax.  A 
and  I  represent  the  active  and  inactive  (desensitized)  receptor  forms,  respectively,  and  K]  and 
K2  the  receptonneurotransmitter  dissociation  constants  for  the  A  and  I  forms,  respectively.  The 
subscript  indicates  the  number  of  neurotransmitter  molecules  (L)  bound.  <t>  is  the  equilibrium 
constant.  AL2/AL2  =  kc\lkop  where  kop  and  kd  are  the  rate  constants  for  channel  opening  and 
closing,  respectively.  Rate  constants  kn  k2u  ki4,  and  k43  are  for  the  interconversion  between  A 
and  I  receptor  forms. 


the  millisecond  scale.  Finally,  we  describe  the  type  of  information  that  can  be 
obtained. 

The  minimum  mechanism  in  Scheme  1  is  based  on  a  mechanism  originally 
proposed  for  the  nicotinic  acetylcholine  receptor  in  frog  muscle  cells  by  Katz  and 
TheslefF10  to  describe  the  results  of  classical  electrophysiological  experiments.  Once 
new  techniques  were  developed  the  constants  for  the  mechanism  could  be  deter¬ 
mined  by  studying  the  reaction  before  the  receptor  desensitized  to  a  form  with 
altered  ligand-binding  properties  and  biological  activity.  The  minimum  mechanism 
shown  accounts  for  results  obtained  with  (1)  the  muscle  type  nicotinic  acetylcholine 
receptor  in  the  electric  organ  of  Electrophorus  electricus  (reviewed  in  ref.  5)  and 
Torpedo  sp.  (reviewed  in  ref.  11)  using  quench-  and  stopped-flow  techniques  with  a 
5-ms  time  resolution;  (2)  the  acetylcholine  receptor  in  BQHl  muscle  cells4-9-12  using 
cell-flow4  and  laser-pulse  photolysis13  techniques  with  5-ms  and  100-p.s  time  resolu¬ 
tions  respectively;  (3)  the  neuronal  acetylcholine  receptor  in  PC12  cells8  using  the 
cell-flow  technique;  (4)  the  inhibitory  7-aminobutyric  type  A  (GABAa)  receptor  in 
rat  brain  membrane  vesicles14-15  and  in  cerebral  cortical  cells  of  embryonic  mice,16 
using  quench-flow  and  cell-flow  techniques  with  ~5-  to  10-ms  time  resolution 
respectively,  and  (5)  the  inhibitory  glycine  receptor  in  embryonic  mouse  spinal  cord 
cells.17 

In  the  minimum  mechanism  in  Scheme  1,  A  represents  the  receptor  in  its  active 
form,  and  I  the  inactive,  desensitized  receptor  form.  The  activating  ligand  is 
represented  by  L,  and  the  subscript  the  number  of  ligand  molecules  bound  to  the 
receptor  protein.  AL2  represents  the  open-channel  form  of  the  receptor  through 
which  inorganic  ions  exchange  across  the  cell  membrane.  K]  and  K2  are  the  intrinsic 
dissociation  constants  of  the  ligand  for  the  active  and  desensitized  receptor  forms 
respectively.  We  assume  that  each  site  on  the  active  receptor  form  has  the  same 
affinity  for  ligand  K];  and  that  each  site  on  the  inactive  form  has  the  same  affinity  for 
ligand  K2.  The  channel-opening  equilibrium  constant  4>-1  was  introduced18  to 
account  for  the  cooperativeness  observed  in  the  binding  of  neurotransmitter  to  the 
receptor.  The  rate  constants  k12,  k2i,  k34,  IC43  are  for  the  interconversion  between 
active  and  inactive  receptor  forms.  The  mechanism  and  the  constants  allow  one  to 
determine  the  concentration  of  the  open  receptor-channel,  AL2  in  the  mechanism,  as 
a  function  of  neurotransmitter  concentration  and  time. 

Why  is  this  of  interest?  Determination  of  the  rate  coefficient  for  the  movement  of 
inorganic  ions  across  the  membrane  is  the  first  step  toward  the  calculation  of  the 
receptor-controlled  change  in  transmembrane  voltage.  It  is  useful  to  look  at  the 
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underlying  physical  theory  that  relates  chemical  mechanisms  to  changes  in  transmem¬ 
brane  voltage.  About  100  years  ago,  Max  Planck19  derived  the  relationship  between 
the  rate  of  movement  of  inorganic  cations  and  anions  across  a  porous  barrier  and  the 
resulting  electric  field. 

d[M+],/dt  =  kobsf1[M+]2  -  kobsf2[M+]j 

[M+l  represents  the  concentration  of  a  monovalent  cation,  and  the  subscript  refers  to 
the  sides  of  a  porous  barrier;  and  k<,bs  the  voltage-independent  rate  coefficients  for 
the  transfer  of  inorganic  ions  across  the  barrier;  fi  and  f2  are  the  factors  that  account 
for  the  acceleration  or  retardation  of  the  ions  as  they  move  in  an  electric  field  where 
f2/fj  =  exp  (VmF)/(RT).  Vm  represents  the  transmembrane  voltage,  and  F,  R,  and  T 
the  Faraday  constant,  the  molar  gas  constant,  and  the  absolute  temperature, 
respectively.  kobs  is  given  by  a  specific  reaction  rate  constant,  J,  multiplied  by  the 
concentration  of  the  open  receptor-channel,  ALn,  where  n  represents  the  number  of 
neurotransmitter  molecules  bound  to  the  receptor.-0 

k0bs  =  J[ALn]tL 

Providing  we  can  determine  J  and  (AL)n,  we  can  determine  kobs,  and  then  calculate 
the  transmembrane  voltage.20 


J  =  yRT/F2[M+]NA 

J  is  proportional  to  the  conductance,  y,  of  the  open  channel.  NA  represents 
Avogadro’s  number  and  all  the  other  terms  have  been  defined.  We  can  determine  y 
conveniently  by  using  the  single-channel  technique  developed  by  Neher  and  Sak- 
mann.21  The  second  task  is  to  determine  ALn  as  a  function  of  neurotransmitter 
concentration  and  time.  Achieving  this  objective  depends  on  knowing  the  chemical 
mechanism  of  the  receptor-controlled  reaction  and  the  constants  pertaining  to  it. 

The  interconversion  between  active  and  inactive  receptor  forms  can  occur  in  the 
100-ms  time  region  in  the  cases  of  the  acetylcholine,  GABAa,  and  glycine  recep- 
tors3-11-14"17  and  in  the  10-ms  time  region  in  the  case  of  the  glutamate  receptor.  -  The 
concentration  of  the  open  acetylcholine  receptor-channel  changes  in  the  microsecond- 
to-millisecond  time  region.23  The  results  in  Table  1  illustrate  why  it  is  important  to 
make  kinetic  investigations  using  appropriate  time  scales.  The  values  were  obtained 
with  a  variety  of  techniques  in  which  the  intermediates  of  the  reaction  are  allowed  to 
come  to  a  quasi-equilibrium  before  the  first  measurement  is  made,  the  values  differ 
by  almost  two  orders  of  magnitude. 

We  decided  to  try  a  different  approach.  Our  aim  was  to  develop  rapid  chemical 
kinetic  techniques  that  would  allow  us  to  investigate  the  sequential  (pre-steady- 


table  l.  Acetylcholine  Receptor— Electrophysiological  Determinations a 


Temperature 

kop 

Tissue 

Year 

(°C) 

(S'1) 

Frog  end  plate 

1981 

1983 

~10 

~10 

2,300 

40,000 

1988 

~10 

20,000 

BC3H1  cells 

1984 

11 

7,700 

1986 

11 

320 

1987 

11 

450 

“Values  were  taken  from  reference  23. 
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FIGURE  1A.  Laser-pulse  photolysis  apparatus.  A  BC3HI  cell,  approximately  15  pm  in  diam¬ 
eter,  attached  to  an  electrode  for  recording  whole-cell  currents,  was  equilibrated  with  caged 
carbamoylcholine.  The  beam  from  a  Candela  SLL500  dye  laser  with  a  600-ns  pulse  length  was 
introduced  from  an  optical  fiber.  The  cell-flow  method  was  used  before  and  after  each  laser 
pulse  to  determine  the  concentration  of  liberated  carbamoylcholine  and  to  detect  cell  damage. 


state)  steps  of  a  reaction  before  it  reaches  an  equilibrium  and  that  could  be  used  with 
membrane-bound  proteins  in  intact  single  cells  and  vesicles.  What  are  the  advan¬ 
tages  of  such  an  approach? 

The  major  aim  of  rapid  reaction  techniques  is  to  identify  the  sequence  of  reaction 
steps.  This  is  a  well-known  and  notoriously  difficult  problem  in  the  kinetic  analysis  of 
quasi-equilibrium  mixtures  of  complex  reactions.  However,  with  rapid  reaction 
techniques  it  is  possible  to  separate  sequential  steps  of  a  complex  reaction  along  the 
time  axis.  It  is  also  possible  to  determine  which  step  in  a  reaction  occurs  first,  and 
which  occurs  later.  Once  the  individual  steps  of  a  complex  reaction  are  separated 
along  the  time  axis,  the  kinetics  for  each  step  often  follow  simple  rate  laws.  This 
allows  one  to  evaluate  the  pertinent  rate  constants.  Another  advantage  is  the  ability 
to  use  a  wide  range  of  reactants.  A  good  time  resolution  makes  it  possible  to  use  high 
concentrations  of  both  receptor  and  neurotransmitter,  thus  allowing  one  to  identify 
reaction  intermediates  that  exist  in  such  low  concentrations  that  they  may  not 
otherwise  be  observed. 

One  of  the  methods  we  developed  is  a  laser-pulse  photolysis  technique.  With  this 
it  is  possible  to  equilibrate  receptors  with  caged  neurotransmitter  and  then  to 
photolyze  the  caged  compound.  This  leads  to  the  release  of  neurotransmitter  in  the 
ixs  time  domain.  A  diagram  of  the  apparatus  is  given  in  Figure  1A.  A  receptor- 
containing  cell  is  attached  to  an  electrode,  and  the  solution  surrounding  the  cell 
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contains  a  photolabile  precursor  of  a  neurotransmitter.  The  precursor  is  inactive 
towards  the  receptors  so  one  can  equilibrate  it  with  them  on  the  cell  surface,  and 
then  release  the  neurotransmitter  by  the  application  of  a  single  pulse  of  laser  light, 
causing  the  removal  of  the  protecting  group  within  microseconds.  Figure  IB  is  an 
example  of  the  photolysis  of  caged  carbamoylcholine  which  produces  free  carbamoyl- 
choline  plus  a  2-nitrosophenyl-ot-keto  acid.  Thus,  the  time  resolution  is  improved 
because  diffusional  barriers  are  overcome  before  the  activating  ligand  is  released. 
The  neurotransmitter  binds  to  its  specific  receptors,  which  form  open  channels 
through  which  current  flows.  We  record  the  resulting  whole-cell  current,  using  a 
technique  developed  by  Hamill  et  al.2A 

To  produce  photolabile  precursors  of  neurotransmitters,  we  took  advantage  of 
research  on  the  photochemistry  of  ort/zo -nitrobenzyl  derivatives  pioneered  by  De 
Mayo  in  I960,25  Barltrop  in  1966, 26  27  and  Patchornik  and  Woodward  in  1970.28  The 
first  applications  of  ortho- nitrobenzyl  derivatives  to  biological  problems  were  made 
by  Kaplan  (reviewed  in  ref.  29)  and  Trentham  (reviewed  in  ref.  30),  who  synthesized 
photolabile  precursors  of  biologically  interesting  phosphates  (“caged  phosphates”), 
for  example,  ATP.  The  compounds  can  be  photolyzed  at  a  rate  of  103  s-1,  which  is 
about  three  orders  of  magnitude  faster  than  the  original  compounds  of  De  Mayo25 
and  Barltrop.26-27 

We  found  that  by  attaching  a  carboxyl  group  to  the  benzylic  carbon  of  the 
nitrobenzyl  protecting  group  we  greatly  increased  the  photolysis  rate  (Table  2),31 
and  used  this  approach  to  make  photolabile  precursors  of  carbamoylcholine.  Caged 
carbamoylcholine  is  photolyzed  to  carbamoylcholine  at  a  rate  of  17,000  s-1  and  with  a 
product  quantum  yield  of  0.8. 

Unlike  acetylcholine,  other  neurotransmitters  such  as  7-aminobutyric  acid,  gly¬ 
cine,  and  glutamate  contain  carboxyl  groups.  We  could  use  the  a-carboxy-o- 
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FIGURE  IB.  Caged  carbamoylcholine  [AL(a-carboxy-2-nitrobenzyl)carbamoylcholine]  is  pho¬ 
tolyzed  to  2-nitroso-a-ketocarboxylic  acid  and  carbamoylcholine.31 
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table  2.  Caged  Neurotransmitters 


Product 
Photolysis  Quantum 

Caging  Group  Compound  Caged  Rate*  (s-1)  Yield  Reference 


O 


•  NH  —  C - (CH2)2  —  N  (CH3)3  1 .7  x  1 04 

carbamoylcholine 


NO, 


o 

II 

CH—  — O  —  C - (CH2)2 

I  0 

COOH  II 


a-carboxy-o-nitrobenzyl 


HOC - CH — NH3 

glutamic  acid 
O 

II 

—  o — c 

I 

(CH2)2 

I  + 

ch2  -  nh3 

y-amino-butyric  acid 


N02 


—  c  —  ch2- 

glycine 


-NH3 


2-methoxy-5-nitrophenyl 


'  22  °C,  pH  7.4. 


0.8 


3.3  xlO4  0.14 


2.3  xlO4  0.15 


-70  x  104  0.2 


31 


33 


45 


35 


nitrobenzyl  group  to  protect  the  carboxyl  group  of  the  neurotransmitters  gluta¬ 
mate32-33  and  y-aminobutyric  acid.34  These  derivatives  allow  us  to  investigate  reaction 
steps  with  rate  constants  as  high  as  20,000  s_1.  The  derivatives  are  stable  in  aqueous 
solutions  and  are  biologically  inert.  We  have  used  a  new  photolabile  group  to  protect 
the  neurotransmitter  glycine.  The  2-methoxy  5-nitrophenyl  group  (Table  2)  is 
photolyzed  30  times  faster  than  the  a-carboxy-o-nitrobenzyl  group  and  is  biologically 
inert.35  It  is,  however,  less  convenient  to  use  because  it  is  slowly  hydrolyzed  in 
aqueous  solutions  at  neutral  pH. 

What  type  of  information  can  one  obtain  by  using  the  laser-pulse  photolysis 
technique?  We  shall  discuss  its  use  first  with  the  nicotinic  acetylcholine  receptor  in 
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BC3HI  muscle  cells  and  then  with  the  glutamate  receptor  in  hippocampal  neurons.  A 
current  trace  obtained  in  an  early  whole-cell  experiment  in  which  we  used  caged 
carbamoylcholine  is  shown  in  Figure  2A.  Caged  carbamoylcholine  (400  pM)  was 
equilibrated  with  acetylcholine  receptors  on  the  surface  of  a  single  BC3H1  muscle 
cell  before  photolysis  was  induced.  In  this  experiment,  the  caged  derivative  was 
photolyzed  within  100  ps,  and  the  current  reached  its  maximum  value  within  2  ms. 
The  falling  phase  of  the  current,  which  reflects  the  desensitization  reaction,  is  shown 
on  a  different  time  scale. 

From  experiments  such  as  the  one  shown  in  Figure  2A  one  may  obtain  a 
considerable  amount  of  information  about  the  mechanism.  The  rising  phase  of  the 
current  contains  two  types  of  information.  At  low  concentrations  of  neurotransmitter 
it  reflects  the  rate  constants  for  the  neurotransmitter-binding  steps.  At  high  concen¬ 
trations  of  neurotransmitter  it  reflects  the  rate  constants  for  the  channel-opening 
process.  The  maximum  amplitude  of  the  current  is  a  measure  of  the  concentration  of 
receptors  in  the  open-channel  form.  From  the  effect  of  neurotransmitter  concentra¬ 
tion  on  the  maximum  amplitude,  one  can  determine  the  equilibrium  constants  for 
neurotransmitter  binding  to  the  receptor  and  for  the  channel-opening  process.  Thus, 
the  laser-pulse  photolysis  technique  accomplishes  the  aim  of  chemical  kinetic 
measurements.  One  can  spread  out  sequential  steps  of  a  complex  reaction  along  the 
time  axis,  so  that  the  kinetics  of  individual  steps  can  be  measured  separately. 

The  observed  rate  constant  for  the  rise  of  the  current  trace  in  Figure  2A  is 
shown  as  a  function  of  carbamoylcholine  concentration  in  Figure  2B.  Over  90%  of 
the  rise  is  governed  by  a  single  exponential,  suggesting  that  a  single  rate  process  is 
observed.  The  effect  of  carbamoylcholine  concentration  on  the  observed  rate  con¬ 
stant  indicates  that  it  reflects  the  rate  constants  for  both  channel  opening  and 
closing.  The  slope  of  the  line  gives  a  channel-opening  rate  constant  of  about  10,000 
s-1,  and  the  intercept  a  channel-closing  rate  constant  of  500  s_1. 


TIME  (msec) 

FIGURE  2A.  A  laser-pulse  photolysis  experiment  with  caged  carbamoylcholine  and  a  BC3HI 
cell,  pH  7.4,  22-23  °C,  and  -60  mV.  The  whole-cell  current  was  generated  by  photolysis  of  400 
ixM  caged  carbamoylcholine.  The  laser  excitation  wavelength  was  328  nm.  The  solid  line 
through  the  points  represents  the  rise  of  the  current  fitted  to  a  single  exponential  (k0bs  =  2140 

s'1)- 
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FIGURE  2B.  Evaluation  of  the  ki¬ 
netic  parameters  for  channel  open¬ 
ing.  Rate  constants  k0 p,  kc i,  and  Kj 
(listed  in  Table  2)  were  evaluated 
using  a  nonlinear  least-squares  fit¬ 
ting  procedure,  and  the  values  were 
used  to  construct  the  solid  line.  The 
different  symbols  represent  data 
from  different  experiments  using  dif¬ 
ferent  laser  dyes  with  outputs  at  318 
or  328  nm.12 


Can  we  obtain  independent  evidence  for  our  measurements?  Results  obtained 
with  different  methods  are  compared  in  Table  3.  All  the  constants  obtained  by 
laser-pulse  photolysis,  with  the  exception  of  koP,  can  be  evaluated  by  independent 
measurements.  The  rate  constant  for  channel  closing  is  expected  to  agree  with  the 
lifetime  of  the  open  channel.  This  lifetime  was  measured  independently  using 
single-channel  current  recordings.12  The  fraction  of  receptors  in  the  open-channel 
form  when  the  receptor  is  saturated  with  neurotransmitter  was  determined  by  both 
laser-pulse  photolysis  and  a  cell-flow  technique.  The  value  for  K],  the  equilibrium 
constant  for  neurotransmitter  binding  to  the  receptor  site  controlling  channel 
opening,  was  obtained  by  both  photolysis  and  cell-flow  methods.  All  the  values 
obtained  are  in  good  agreement. 

What  other  information  can  we  obtain  using  the  new  method?  An  intriguing 
question  concerned  inhibition  of  the  acetylcholine  receptor  by  such  compounds  as 
the  local  anesthetic  procaine,36  the  abused  drug  cocaine,37  or  by  acetylcholine  itself  at 
high  concentrations.38  Most  reports  on  this  subject  agree  on  a  mechanism  in  which 


table  3.  Comparison  of  the  Value  of  Constants  Obtained  with  BC3H1  Cells  Using 
Various  Methods" 


Constant 

Method 

Value  of  Constant 

kd 

Laser-pulse  photolysis 

500  ±  lOOs"1 

Single-channel  current 

400  ±  130  s-1 

kop  (kop  4"  kC|) 

Laser-pulse  photolysis 

0.94 

Cell-flow 

0.84 

K, 

Laser-pulse  photolysis 

210  ±  90  |xM 

Cell-flow 

240  p.M 

pH  7.4,  22-23  °C,  -60  mV. 
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the  receptor-channel  has  to  open  first  before  the  inhibitor  blocks  the  open  chan¬ 
nel.36,38  Allosteric  mechanisms  in  which  an  inhibitor  binds  to  one  form  of  a  protein, 
preventing  formation  of  an  open  channel,  are  not  often  invoked. 

The  simplest  suggestion  for  a  channel-blocking  mechanism  is  shown  in  Scheme 
2.  The  active,  non-desensitized  receptor  is  represented  by  A  and  the  neurotransmit¬ 
ter  by  L.  After  binding  the  neurotransmitter,  the  receptor  forms  an  open  channel, 
indicated  by  AL2.  Procaine,  represented  by  I,  then  binds  in  the  open  channel  and 
blocks  it.  This  mechanism  predicts  that  the  rate  constant  for  channel  closing  will 
decrease  as  the  inhibitor  concentration  is  increased.  An  allosteric  mechanism  also 
accounts  for  all  the  results  obtained  in  single-channel  recordings.  In  the  noncompeti¬ 
tive  mechanism  for  allosteric  inhibition,  the  inhibitor  binds  to  a  regulatory  site  on  the 
receptor  before  and  after  the  channel  opens.  The  rate  constant  for  channel  closing  is 
again  predicted  to  decrease  as  the  inhibitor  concentration  is  increased.  However,  the 
regulatory  mechanism  in  which  the  inhibitor  binds  to  the  receptor  before  the  channel 
opens  makes  a  clear-cut  prediction  that  is  not  made  by  the  channel-blocking 
mechanism:  the  channel-opening  rate  is  expected  to  decrease  as  the  inhibitor 
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Scheme  2.  Alternative  mechanisms  for  inhibition  of  the  acetylcholine  receptor.  L  represents 
the  channel-activating  ligand.  A  represents  the  active  nondesensitized  receptor  forms,  Ki  the 
dissociation  constant  for  the  receptordigand  complex,  and  AL2  the  open-channel  form  of  the 
receptor.  I  represents  the  inhibitor,  and  Kj  and  Ki  the  dissociation  constants  of  the  receptor, 
inhibitor  complexes  of  the  closed-  and  open-channel  forms  of  the  receptor. 


concentration  is  increased.  This  is  not  the  case  with  the  channel-blocking  mecha¬ 
nism.  The  two  mechanisms  can,  therefore,  be  distinguished.  However,  the  effect  of 
inhibitors  on  the  channel-opening  rate  constant  was  not  measured  because  the  time 
resolution  of  existing  methods  was  not  sufficient. 

In  order  to  distinguish  between  the  two  mechanisms  we  determined  the  effects  of 
procaine,  QX222,  and  cocaine  on  the  channel-opening  rate  constant  using  the  new 
technique.  The  results  of  two  experiments  done  with  procaine  are  shown  in  Figure 
3.  The  questions  we  asked  were:  Does  procaine  inhibit  only  the  channel-closing  rate 
constant,  as  is  predicted  by  the  channel-blocking  mechanism,  or  does  it  inhibit  both 
the  opening  and  closing  rate  constants,  as  is  predicted  by  an  allosteric  mechanism  in 
which  the  receptor  has  a  regulatory  site?  The  effect  of  procaine  on  kot*  for  the 
current  rise,  measured  at  low  concentrations  of  released  carbamoylcholine,  is 
illustrated  in  Figure  3;  under  these  conditions  the  effect  of  procaine  on  the 
channel-closing  rate  constant,  kc  is  determined.9  The  rate  constant  decreased  as  the 
procaine  concentration  was  increased,  as  is  predicted  by  both  mechanisms. 
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FIGURE  3.  Effect  of  procaine  on  kd  and  kop  determined  by  the  laser-pulse  photolysis  technique 
at  pH  7.4, 22  °C,  and  —60  mV.9 


The  effect  of  procaine  on  kobs  for  the  current  rise,  measured  at  high  concentra¬ 
tions  of  released  carbamoylcholine,  is  also  illustrated  in  Figure  3.9  Under  these 
conditions,  the  rate  constant  for  channel  opening12  is  much  larger  than  that  for 
channel  closing,  and  kobs  is  a  measure  of  the  channel-opening  rate  constant.  The 
channel-opening  rate  constant  decreases  as  the  procaine  concentration  is  increased. 
This  is  consistent  with  the  inhibitor  binding  to  an  inhibitory  site  before  the  channel 
opens.  Thus,  the  acetylcholine  receptor  can  be  inhibited  before  the  channel  opens. 
The  new  laser-pulse  photolysis  technique  by  which  the  constants  for  both  channel 
opening  and  closing  can  be  measured  conveniently  in  the  same  experiment  made  it 
possible  to  obtain  these  results. 

Does  it  make  a  difference  which  mechanism  is  correct?  Channel  opening  is  very 
fast;  a  receptor-channel  can  open  in  a  few  milliseconds,  for  example,  the  nicotinic 
acetylcholine  receptor  at  a  neuromuscular  junction. 12-23'38  39  If  the  channel-blocking 
mechanism  operates,  the  channel  opens  and  a  signal  is  initiated  before  the  channel  is 
blocked.  Channel  blocking  can  occur  by  any  compound  that  can  enter  the  channel 
but  cannot  pass  through.  The  physiological  meaning  of  the  channel-blocking  mecha¬ 
nism  is,  therefore,  not  obvious.  A  regulatory  mechanism,  in  which  an  inhibitor  binds 
to  the  receptor  before  the  channel  opens,  may  have  physiological  significance.  It 
indicates  that  the  receptor  has  a  regulatory  site  to  which  specific  compounds  can  bind 
and  inhibit  the  receptor  before  the  channel  opens,  thus  preventing  signal  transmis¬ 
sion.  Acetylcholine  at  high  concentrations  inhibits  the  acetylcholine  receptor,  per¬ 
haps  also  by  binding  to  a  regulatory  site.40 

What  other  information  can  we  obtain  using  a  rapid  chemical  kinetic  approach? 
A  current  trace  recorded  from  a  rat  hippocampal  cell  and  induced  by  photolysis  of 
caged  glutamate  within  ~  60  |xs  is  shown  on  the  left  of  Figure  4A.  It  gives  the  same 
type  of  information  that  we  obtained  with  caged  carbamoylcholine  and  the  acetylcho¬ 
line  receptor  in  BC3H1  muscle  cells.  But  we  also  learned  something  else.  Caged 
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glutamate  (500  p,M)  was  used  in  this  experiment.  The  maximum  current  obtained 
was  3000  pA,  and  the  tm  of  the  falling  phase  of  the  current,  indicative  of  receptor 
desensitization,  was  about  15  ms.  On  the  right-hand  side  (Fig.  4A  inset)  is  an 
experiment  in  which  300  pM  glutamate  was  applied  to  the  same  cell  using  a  cell-flow 
device.  The  maximum  current  obtained  was  only  150  pA,  which  is  5%  of  the  current 
obtained  in  the  photolysis  experiment.  Furthermore,  the  tv2  of  the  falling  phase  of 
the  current  was  100  ms,  which  is  10  times  longer  than  we  observed  in  the  photolysis 
experiment.  Thus,  when  we  used  the  cell-flow  technique  we  lost  all  the  information 
about  the  receptor  form  that  desensitizes  rapidly,  because  this  form  desensitizes 
during  the  time  it  takes  for  the  receptors  to  equilibrate  with  glutamate  in  the  flowing 
solution.  One  can  improve  the  time  resolution  by  using  membrane  patches  rather 
than  whole  cells.  An  experiment  done  with  a  sealed  membrane  vesicle,  with  a 
diameter  of  about  7  pm,  is  shown  in  Figure  4B.  The  vesicle  was  suspended  from  a 
recording  electrode  and  neurotransmitter  flowed  over  the  cell.  The  current  induced 
is  a  measure  of  the  concentration  of  open  receptor-channels,  and  the  graph  shows 
the  current  produced  as  a  function  of  time.  The  trace  first  rises  to  a  maximum,  within 
10  ms,  and  then  decreases  due  to  desensitization.  In  this  case,  the  rate  coefficient  for 
desensitization  is  about  50  s_I.  This  means  that  about  half  the  current  disappears 
within  about  15  ms;  half  the  receptors  present  have  desensitized  within  15  ms. 


FIGURE  4A.  Comparison  of  whole-cell  current  obtained  with  a  rat  hippocampal  neuron  by 
activation  by  laser  pulse  photolysis  of  caged  glutamate  and  rapid  flow  application  of  a  glutamate 
solution  (pH  7.4,  22-23  °C,  transmembrane  voltage  -60  mV).  A  3-nA  current  is  obtained  from 
a  neuron  when  500  |xM  y-(o-nitrophenyl)-a-carboxy  glutamic  acid  is  photolyzed  at  the  cell 
surface  by  a  flash  of  343  nm  laser  light.  The  inset  shows  the  response  of  the  same  neuron  when  it 
was  exposed  to  a  rapid  flow  of  a  300  pM  glutamate  solution. 
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Even  in  this  experiment,  in  which  the  current  reaches  a  maximum  value  within  10 
ms,  a  problem  remains  which  has  not  yet  been  widely  recognized.  The  receptors  on 
the  cell  surface  facing  the  flow  device  are  in  contact  with  the  neurotransmitter  and 
desensitize  before  the  neurotransmitter  reaches  the  far  side  of  the  cell.  To  deal  with 
this  problem,  we4  have  taken  into  account  the  available  hydrodynamic  theory41  to 
correct  the  observed  current  for  the  desensitization  that  occurs  while  the  receptors 
equilibrate  with  the  neurotransmitter.  The  dotted  line  at  the  top,  parallel  to  the 
abscissa  of  the  graph,  gives  the  current  after  it  has  been  corrected  for  desensitization. 
So  even  when  a  neurotransmitter  equilibrates  with  receptors  within  10  ms,  as  it  did  in 
this  experiment,  the  concentration  of  active  receptor  forms  can  be  determined  only  if 
one  corrects  the  observed  current  for  the  desensitization  that  occurs  during  the 
period  of  equilibration.  For  the  same  reasons,  the  equilibrium  constants  that 


Time  (ms) 


FIGURE  4B.  Whole-cell  recording  and 
rapid  flow  of  a  600- ixM  solution  of  free 
glutamate  over  a  7-p.M  vesicle  pulled  from 
a  neuron  similar  to  the  one  used  for 
Figure  4A  produces  a  reduced  ampli¬ 
tude  current  response. 


determine  the  concentration  of  open  receptor-channels — which  is  what  we  want  to 
determine — can  be  measured  only  if  the  observed  current  is  corrected  for  desensiti¬ 
zation.  If  we  do  not  make  this  correction,  we  obtain  apparent  equilibrium  constants, 
which  also  depend  on  the  rate  of  receptor  desensitization  and  the  time  resolution  of 
the  method  used.  The  determined  constants  then  show  the  same  variability  as  they 
did  before  the  use  of  rapid  reaction  techniques. 

The  slowly  desensitizing  phase  of  the  receptors  seen  in  the  inset  of  Figure  4A  is 
no  longer  seen  in  Figure  4B,  because  with  a  membrane  vesicle  we  observe  a  smaller 
population  of  glutamate  receptors  than  in  a  whole-cell  experiments.  Therefore, 
although  we  can  improve  the  time  resolution  by  using  small  membrane  patches,  we 
lose  information  about  a  minor  component  of  the  reaction.  Why  not  use  higher  flow 
rates  to  improve  the  time  resolution?  First,  because  by  using  lower  flow  rates  and 


Acetylcholine  receptor  in  BC3HI  muscle  cell  Glutamate  receptor  in  mouse  cortical  neuron 
100  jiM  caged  carbamoylchline  1  mM  caged  glutamate 
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correcting  the  current,  the  seal  between  a  cell  and  an  electrode  remains  stable  for 
much  longer.  This  increases  the  number  of  measurements  that  can  be  made  with 
each  cell  and,  therefore,  decreases  the  statistical  error  of  the  measurements.  There 
is,  however,  a  more  serious  problem.  By  increasing  the  flow  rate  we  can  shorten  the 
apparent  time  it  takes  for  a  ligand  to  equilibrate  with  the  receptors,  but  we  pay  a 
price.  In  the  cell-flow  experiments  a  cell  is  surrounded  by  a  diffusion  layer  of 
physiological  salt  solution.  It  is  important  that  the  flowing  solution  containing  the 
neurotransmitter  replace  the  layer  of  buffer  solution  immediately  surrounding  the 
cell  without  mixing  with  it,  that  is  to  say,  laminar  flow  is  required.  If  the  rate  at  which 
fluid  flows  over  a  cell  is  increased,  we  obtain  turbulent  flow.  In  that  case  neurotrans¬ 
mitter  in  the  flowing  solution  mixes  with  the  buffer  solution  surrounding  the  cell,  and 
we  no  longer  know  the  concentration  of  the  neurotransmitter  equilibrating  with  the 
receptors. 

All  the  experiments  we  have  done  with  the  acetylcholine  receptor  can  also  be 
done  with  excitatory  glutamate  receptors  and  inhibitory  GABA  and  glycine  recep¬ 
tors  (Fig.  4C).  Very  little  is  known  about  these  receptor  mechanisms  when  compared 
to  what  we  know  about  the  muscle  acetylcholine  receptor  mechanism.  All  these 
receptors  are  important  in  controlling  signal  transmission.  All  are  involved  in  various 
diseases.  All  are  targets  of  clinically  relevant  compounds.  Chemical  kinetic  tech¬ 
niques  can  now  be  used  to  study  these  processes  on  the  molecular  level. 

Table  3  summarizes  some  of  the  results  we  have  obtained  with  a  cell  from  the 
central  nervous  system  using  rapid  reaction  techniques.  We  know  from  molecular 
biological  experiments  carried  out  in  many  laboratories  that  different  forms  of  a 
receptor,  activated  by  the  same  neurotransmitter,  can  coexist  in  one  cell.  Using 
chemical  kinetic  methods,  we  determined  that  different  receptor  forms  exist  in 
different  concentrations  in  the  same  cell,  that  each  receptor  form  has  a  different 
affinity  for  its  neurotransmitter  and  a  different  rate  constant  for  desensitization.  We 
also  have  indications  that  the  channel-opening  rate  constants  will  be  different.  At 
least  eight  different  receptor  forms  may  be  present  in  a  single  neuron.14^17  Some  of 
the  receptors  are  excitatory  and  some  are  inhibitory.  All  this  has  a  significant  bearing 
on  the  rate  coefficients  for  transmembrane  ion  flux  and,  therefore,  on  transmem¬ 
brane  voltage  changes  and  signal  transmission. 

Using  chemical  kinetic  techniques,  we  arrived  at  the  minimum  reaction  scheme 
shown  in  Scheme  1 .  This  scheme  is  based  on  intensive  investigations  of  the  muscle 
type  of  nicotinic  acetylcholine  receptor  in  the  electric  organ  of  two  fish,  E.  electricus 
(reviewed  in  ref.  5)  and  T.  califomica  (reviewed  in  ref.  11),  and  in  BC:,H1  cells,4-912  in 
both  membrane  vesicles  and  single  cells,  using  a  combination  of  rapid  mixing 
techniques,  laser-pulse  photolysis,  and  single-channel  current  measurements.  The 
same  mechanism  also  accounts  for  the  results  of  chemical  kinetic  investigations  of  a 
neuronal  type  of  acetylcholine  receptor  in  PC12  cells,8  the  inhibitory  GABAa 
receptor  in  rat  brain  vesicles14-15  and  mouse  cerebral  cortical  cells,16  and  the 
inhibitory  glycine  receptor  in  mouse  spinal  cord  cells.17  The  overall  mechanism  is 
typical  of  regulatory  proteins,  including  those  that  regulate  metabolism  and  DNA 
biosynthesis.42  The  upper  line  shows  the  sequential  neurotransmitter-binding  steps 
leading  to  an  open  channel,  which  can  form  on  the  sub-millisecond  time  scale;  an 
important  outcome  of  the  use  of  rapid  reaction  techniques  is  the  determination  of 
the  constants  associated  with  this  upper  line.  The  inactive  receptor  species,  which 
can  form  within  milliseconds,  are  shown  on  the  lower  line.  We  have  determined  all 
the  rate  and  equilibrium  constants  for  this  mechanism,  and  we  can  predict  the 
concentration  of  the  open  acetylcholine  receptor-channel  in  BC3H1  cells  over  a 
100-fold  range  of  neurotransmitter  concentration  and  as  a  function  of  time.9-12 

In  this  paper  we  illustrate  the  use  of  one  of  the  rapid  chemical  kinetic  techniques 
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we  developed,  and  show  how  we  evaluate  some  of  the  constants  that  determine  the 
concentration  of  open  receptor-channels  over  a  wide  range  of  neurotransmitter 
concentration  and  time.  We  give  preliminary  results  that  the  diversity  of  receptors  in 
central  nervous  system  neurons  can  be  expressed  in  terms  of  the  diversity  of  values  of 
the  constants  that  determine  the  concentration  of  open  receptor-channels,  and 
indicate  how  this  affects  the  transmembrane  voltage  changes  that  trigger  signal 
initiation  between  neurons.  We  discuss  a  minimum  reaction  scheme  containing  the 
minimum  number  of  constants,  and  we  present  one  example  in  which  chemical 
kinetic  techniques  gave  additional  insight  into  the  mechanism  of  inhibition  of  the 
receptor-mediated  reaction.  We  can  thus  learn  the  conditions  under  which  a  signal  is 
transmitted  by  a  cell  in  the  central  nervous  system,  and  how  these  conditions  change 
in  response  to  external  stimuli,  diseases  of  the  nervous  system,  and  clinically  relevant 
compounds.  Elucidation  of  receptor  mechanism  has  a  bearing  on  many  current 
problems  in  neurobiology.  The  results  obtained  with  the  new  techniques  presented 
previously5-7  and  here  suggest  that  rapid  chemical  kinetic  techniques,  which  are 
essential  in  elucidating  mechanisms  of  reactions  mediated  by  soluble  proteins,42-44 
can  also  be  applied  to  proteins  that  must  be  studied  in  a  membrane -bound  form  in  a 
cell  or  vesicle.  Several  methods  that  can  be  used  in  such  studies  are  now  avail- 
able.4-7-12  Accounting  for  the  initiation,  inhibition,  and  alteration  of  signal  transmis¬ 
sion  in  basic  units  (cells)  from  different  areas  of  the  nervous  system  in  terms  of 
well-characterized  chemical  reactions  is,  therefore,  becoming  an  attainable  goal.  The 
new  knowledge  is  expected  to  increase  our  understanding  of  the  coordinated 
response  of  cells  responsible  for  perception  of  and  reaction  to  external  stimuli,  and 
integration  and  storage  of  information. 
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With  the  coming  of  age  of  molecular  neurobiology,  many  components  of  signaling 
systems  in  the  brain  are  now  characterized  to  some  extent  at  the  molecular  level,  and 
a  reductionism  approach  towards  a  more  complete  synthesis  of  neurofunction  now 
seems  possible.  In  the  case  of  neurotransmitter  receptors  the  pace  at  which  their 
gene  sequences  and  derived  primary  structures  have  been  acquired  has  been 
astounding.  Several  surprises  have  emerged  from  this  work,  the  most  notable  of 
which  is  that  only  a  few  structural  classes  of  neurotransmitter  receptors  exist.  Two 
major  superfamilies  have  been  identified,  the  ligand-gated  ion-channel  (LGIC) 
receptors,1  and  the  G-protein  coupled  receptors  (GPCR).2  They  mediate  the  fast 
“all  or  nothing”  and  the  slow-graded  modes  of  chemical  communication,  respec¬ 
tively.  Importantly,  they  encompass  the  majority  of  the  receptor  neuropharmacology 
that  has  accumulated  to  date. 

In  the  case  of  the  LGIC  receptors,  the  structural  and  conformational  require¬ 
ments  for  agonist  and  antagonist  binding  to  the  receptors  of  each  of  them  separately 
have  been  extensively  covered  in  the  literature.  In  this  paper  a  more  unified 
pharmacophore  is  proposed  for  the  LGIC  receptors. 


LIGAND-GATED  ION-CHANNEL  AGONISTS 

FIGURE  1  shows  a  collection  of  agonist  structures  for  the  different  types  of  LGIC 
receptors.  In  rows  from  top  to  bottom  are  the  neurotransmitters,  semirigid  analogues 
with  restricted  rotatable  dihedral  bonds,  and  the  almost  totally  rigid  agonist  ana¬ 
logues.  Several  comparisons  are  possible  in  the  context  of  the  superfamily.  The 
common  features  for  binding  to  the  LGIC  receptors  can  be  identified  as  (1)  an  amine 
group,  (2)  a  -rr-bonded  system,  (3)  an  sp2  electronegative  atom  within  the  ir-system, 
and  (4)  small  size  (i.e.  <  15  nonhydrogen  atoms).  The  unified  receptor  pharmaco¬ 
phore  model  incorporates  these  conserved  features.  The  broad  similarity  of  agonists 
is  strikingly  demonstrated  by  comparison  with  the  almost  totally  rigid  analogues 
cytisine  and  THIP  (4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol),  which  are  ago¬ 
nists  of  the  evolutionary  distantly  related  nicotinic  acetylcholine  and  GABAa  recep¬ 
tors,  respectively. 

For  the  amine  group,  this  can  vary  from  a  primary  through  to  a  quaternary  group, 
even  for  a  given  receptor  type  (see  nAChR  column  in  Fig.  1).  Acetylcholine  is  an 
informative  molecule  because  it  establishes  that  the  role  for  the  conserved  nitrogen 
center  is  to  provide  a  positively  charged  group  for  interaction  with  the  receptor  site. 
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The  u-bonded  system  part  of  the  molecule  can  also  vary,  both  in  shape  and  electronic 
properties,  even  for  a  given  receptor  (e.g.,  the  pyridyl  ring  in  nicotine  instead  of  the 
acetyl  group  in  acetylcholine).  Nonetheless,  it  displays  several  unusual  and  interest¬ 
ing  features  that  are  conserved,  which  may  be  important  for  recognition.  It  is 
rigid-coplanar  and  contains  an  electronegative  atom  center  that  is  capable  of  forming 
a  hydrogen  bonding  interaction.  Of  particular  note,  the  electronegative  center  forms 
a  delocalizable  local  dipole  over  the  ir-system.3 


glycine  N+ 


nAChR  5HT3R  GABAaR  GlyR 

FIGURE  I.  Comparison  of  ligand-gated  ion-channel  agonist  structures.  Agonists  of  the 
nicotinic  acetylcholine-R  (nAChR),  5HT3-R  (5H3R),  "y-amino  butyric  acidA-R  (GABAa  R),  and 
glycine- R  (GlyR)  are  shown.  Row  1,  endogenous  neurotransmitters;  row  2,  semirigid  ana¬ 
logues;  row  3,  almost  totally  rigid  analogues.  The  symbol  (+)  highlights  the  positively  charged 
amine  group.  Note  that  none  of  the  endogenous  neurotransmitter  molecules  contains  a  chiral 
center. 


SPECIFICITY  OF  RECEPTOR  RECOGNITION 

Features  leading  to  specific  recognition  can  be  deduced  by  looking  for  consistent 
differences  in  the  ligands  for  the  various  types  of  receptor.  However,  this  is  a  less  sure 
exercise  than  identification  of  the  common  features.  Differences  proposed  as  having 
a  role  in  specific  recognition  are: 

Position  and  types  of  polar  atoms  within  the  ir-system  region.  For  5HT3-R  as 
compared  to  the  nicotinic  acetylcholine-R  there  is  an  apparent  switch  from  a 
requirement  for  a  hydrogen  bond  donor  to  a  hydrogen  bond  acceptor. 

Distance  between  the  electronegative  center  of  the  ir-system  and  the  positive  pole.  This 
is  apparent  for  glycine-R  (3.5  A)  as  compared  to  the  GABAa-R  ( ~5.5  A). 


42 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


dopamine 


muscarine 


FIGURE  2.  Examples  of  monoamine  G-protein  coupled  receptor  agonist  structures.  Common 
features  are  (1)  the  positively  charged  amine  group  and  (2)  the  occurrence  of  a  ring  hydroxyl  at 
position  that  is  six  bond  lengths  away  from  the  amine  group. 


Hydrophobic  and  polar-charged  nature  of  the  tt- system  region.  This  places  the 
cationic  channel  and  anionic  channel  receptors  into  two  separate  groupings. 

Size  of  the  -tr -system.  This  might  be  of  secondary  importance  to  (1)  above  in 
achieving  specific  recognition  at  the  5HT3-R  and  nicotinic  acetylcholine-R. 

Of  course  differences  in  the  ligands  must  also  reflect  differences  in  the  receptors, 
but  in  the  context  of  a  conserved  binding  site  for  the  superfamily. 


OTHER  RECEPTOR  SUPERFAMILIES 

A  comparison  of  LGIC  receptor  agonists  with  those  of  the  G-protein  coupled 
receptors  is  useful  to  assess  the  significance  of  the  proposed  common  features  of  the 
LGIC  agonists.  This  is  possible  because  some  of  the  endogenous  neurotransmitters 
act  on  receptors  of  both  classes.  This  is  the  case  at  least  for  acetylcholine  and 
serotonin.  Of  the  structures  shown,  muscarine  (Fig.  2)  is  an  informative  molecule 
because  it  establishes  that  a  ir-bonded  system  is  not  essential  for  agonist  interaction 
at  G-protein  coupled  receptors. 

Initially  it  was  expected  that  glutamate  receptor  subunits  would  also  fall  into  the 
nicotinic-containing  LGIC  superfamily.  Instead,  based  on  analysis  of  multiple  aligned 
sequences  it  can  be  seen  that  no  apparent  homology  exists  between  the  classes. 
Indeed,  the  extracellular  domain  of  the  glutamate  receptors  is  more  similar  to  a 
family  of  bacterial  amino  acid  binding  proteins  than  it  is  to  any  LGIC  receptor.4  5 
This  raises  the  possibility  that  in  the  LGIC  superfamily  the  amine  has  to  be  an 
isolated  group  and  cannot  be  functionalized  such  as  in  the  form  of  an  amino  acid 
moiety. 


LGIC  ANTAGONISTS  AND  MODULATORS 

In  some  antagonist  structures  the  skeleton  of  their  corresponding  agonists  can  be 
identified  (Fig.  3).  For  the  nicotinic  acetylcholine-R,  the  natural  product  methylly- 
caconitine  (MLA)  is  a  clear  example.6  This  is  of  interest  because  the  parent  structure 
aconitine  is  known  to  act  on  voltage-gated  sodium  channels,  but  has  no  reported 
activity  at  nACh  receptors.  With  the  ester  linkage  in  MLA  a  framework  is  introduced 
that  can  be  fitted  to  acetylcholine.  For  GABA,  it  has  already  been  proposed  that 
bicucullin  contains  a  region  with  the  electronic  properties  resembling  the  carboxylate 
group  of  the  endogenous  transmitter.7  This  correspondence  can  also  be  extended  to 
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the  GABAa-R  modulators  flumazenil  and  ethyl-p-carboline-3-carboxylate.  When 
such  compounds  are  overlayed  using  the  three  site-points  present  in  the  agonist 
unified  pharmacophore  model,  an  impression  of  structural  conservation  outside  the 
agonist  binding  region  is  obtained  (see  Fig.  4). 


UNIFIED  LGIC  PHARMACOPHORE  MODEL 

Figure  5  shows  a  unified  LGIC  receptor  pharmacophore  model.  The  agonist  site 
comprises  the  positive  pole  and  the  oriented  local  dipole  with  the  electronegative 


FIGURE  3.  Comparison  of  ligand-gated  ion-channel  antagonists,  modulators,  and  agonists. 
Methyllycaconitine  is  a  competitive  antagonist  of  neuronal  nicotinic  acetylcholine-R;6  cytisine 
is  a  potent  agonist  of  nicotinic  acetylcholine-R;  bicuculline  is  a  competitive  antagonist  of 
GABAa-R;  ethyl-6-carboline-3-carboxylate  is  an  inverse  agonist  of  GABAa-R;7  flumazenil  is  a 
positive  modulator  of  GABAa-R;  THIP  is  a  potent  agonist  of  GABAa-R. 
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FIGURE  4.  Overlay  of  dissimilar  ligand-gated  ion-channel  antagonist  structures.  The  rigid 
agonists  cytisine  and  THIP  (solid  bonds )  and  the  antagonists  methyllycaconitine  and  bicuculiine 
are  shown.  Superpositioning  was  done  using  three  points:  the  nitrogen  atom  of  the  positive  pole 
and  the  electronegative  and  electropositive  sp2  atom  centers  of  the  oriented  dipole.  The 
agonist-antagonist  pairs  THIP-bicuculline  and  cytisine-methyllycaconitine  were  first  superim¬ 
posed.  These  pairs  were  then  overlaid  by  superpositioning  of  the  agonists  THIP  and  cytisine. 
THIP,  4,5,6,7-tetrahydroisoxazolo[5,4-c]  pyridin-3-ol. 


FIGURE  5.  Unified  ligand-gated  ion-channel  pharmacophore  model.  Symbols'.  ©  =  the 
positive  pole;  S-  =  electronegative  atom  of  the  ir-system.  The  large  (L)  and  small  (S)  regions 
outside  the  agonist  core  are  regions  of  the  binding  site  that  can  be  occupied  by  antagonists. 
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atom  center  available  for  hydrogen  bonding.  Outside  the  agonist  core  two  regions  are 
proposed  as  being  occupied  by  antagonist  molecules.  The  large  region  (L)  corre¬ 
sponds  to  the  aconitine  portion  of  methyllycaconitine,  whereas  the  smaller  region  (S) 
is  occupied  by  its  A-phenylsuccinimide  moiety.  In  the  case  of  the  benzodiazepine 
modulators  only  the  large  region  is  occupied. 

Inasmuch  as  the  Af-phenylsuccinimide  moiety  of  methyllycaconitine  is  topologi¬ 
cally  equivalent  to  the  reactive  group  in  ligands  that  label  the  a-subunit  cysteines 
192-193  of  the  Torpedo  nicotinic  acetylcholine-R,  it  can  be  expected  that  this  moiety 
contacts  the  surface  area  of  the  binding  cavity.  In  contrast,  the  oxygen-rich  large  bulk 


Glycine 


GABA 


5HT 


Ach 


3000  2000  1000 

Myr 

(millions  of  years  from  the  present) 

FIGURE  6.  Ligand-gated  ion-channel  receptor  evolution.  The  tree  was  constructed  using  106 
nucleic  acid  sequences.8  The  tree  presented  shows  only  branch  points  for  early  events  in 
receptor  evolution.  The  circling  of  the  bifurcation  point  for  the  GABA  and  glycine  branches 
signifies  that  they  are  not  sister  branches. 


of  the  aconitine  portion  of  methyllycaconitine  could  be  facing  out  towards  the 
solvent.  Interaction  with  parts  of  neighboring  subunits  could  then  be  possible,  as  is 
observed  with  d-tubocurarine,  a  competitive  antagonist  of  nicotinic  acetylcholine-R.8 

From  the  unified  pharmacophore  model  a  hypothetical  recognition  pathway 
model  is  proposed.  Starting  from  when  an  agonist  molecule  is  within  12  A  of  the 
assumed  conserved  aspartate  of  the  binding  site,  long-range  electrostatic  interaction 
between  the  negative  charge  of  this  residue  and  the  positive  pole  of  the  agonist  is 
sufficient  to  cause  the  agonist  to  be  attracted  towards  it.  On  closer  approach,  at  6  A, 
the  local  dipole  of  the  agonist  could  become  oriented  in  the  electrostatic  field  of  the 
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aspartate  residue.  The  steering  of  the  ligand  at  this  stage  may  assist  the  entry  of 
agonist  into  the  binding  cavity.  On  formation  of  the  binary  complex,  the  overwhelm¬ 
ing  electrostatic  field  of  the  aspartate  residue  increases  the  size  of  the  local  dipole  of 
the  Tr-system,  causing  a  shift  in  electron  density  over  the  electronegative  atom. 
Synergism  for  the  interaction  of  agonist  with  the  receptor  could  be  obtained  by  this 
induction  step,  because  the  electronegative  atom  becomes  a  more  effective  hydrogen 
bonding  group. 


RECEPTOR  EVOLUTION 

The  evolutionary  tree  in  Figure  6  shows  branch  points  representing  the  early 
separation  of  different  types  of  LGIC  receptor  types.9  Under  the  assumption  of  the 
analysis,  the  initial  branch  point  would  have  been  at  least  2500  million  years  ago.  This 
would  roughly  exceed  current  estimates  for  the  time  of  origin  of  eukaryotes. 
Although  this  is  a  surprisingly  early  start  for  the  LGIC  receptors,  in  the  case  of 
G-protein  coupled  receptors  it  is  now  reasonably  well  founded  that  bacteriorhodop- 
sin  is  structurally  homologous  to  the  vertebrate  rhodopsins.  It  is  also  apparent  from 
the  tree  that  the  origins  of  the  distinct  receptor  types  are  also  ancient,  occurring  at 
some  time  when  multicellular  organisms  were  starting  to  evolve. 

Given  the  hierarchical  nature  of  divergent  evolution,  the  question  can  be  asked. 
How  might  receptor  evolution  have  had  an  impact  on  current  day  pharmacological 
probing  of  receptor  superfamilies?  Not  too  surprisingly,  examples  have  appeared  in 
the  literature  where  the  selectivity  of  a  ligand  acting  at  a  subset  of  receptors  reflects 
evolutionary  relatedness.  The  adrenergic  pharmacological  classification  scheme 
appears  to  be  a  good  example  of  this.10  However,  there  are  other  examples  where  a 
particular  ligand  interacts  with  a  receptor  distantly  related  to  its  classical  pharmaco¬ 
logically  defined  site.11  Examination  of  these  unusual  instances,  termed  as  leakage 
specificity,  will  no  doubt  allow  understanding  of  how  an  isolated  pairwise  interaction 
between  a  group  in  the  ligand  and  an  amino  acid  side-chain  in  receptors  can 
influence  pharmacological  specificity. 

In  summary,  evaluating  classical  pharmacology  in  the  context  of  a  superfamily 
can  involve  comparison  of  ligands  and  construction  of  receptor  homology  models, 
and  should  be  viewed  in  an  evolutionary  setting. 
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Earlier  studies  on  the  characterization  of  nicotinic  acetylcholine  receptors  (nAChRs) 
in  the  central  nervous  system  (CNS)  relied  on  assays  of  the  binding  of  nicotinic 
radioligands  to  various  brain  regions  by  the  use  of  radioligand  binding  assays.1-5 
However,  it  was  not  until  very  recently  that  the  functional  properties  of  some  of  these 
receptors  could  be  electrophysiologically  addressed.6-20 

Initially,  on  the  basis  of  the  binding  of  [3H]nicotine  and  [125I]a-bungarotoxin 
(a-BGT)  to  various  brain  regions,  it  was  demonstrated  that  two  distinct  populations 
of  presumed  nAChRs  existed  in  the  CNS.2,3  Neuronal  nAChRs  that  could  bind 
[3H]nicotine  with  high  affinity  were  identified  in  the  interpeduncular  nucleus, 
superior  colliculus,  medial  habenula,  substantia  nigra  pars  compacta  and  ventral 
tegmental  area,  molecular  layer  of  the  dentate  gyrus,  presubiculum,  cerebral  cortex, 
and  most  of  the  thalamic  nuclei.3  Studies  carried  out  in  brain  synaptosomes  led  to  the 
suggestion  that  these  neuronal  nAChRs  were  localized  mostly  presynaptically  and 
were  responsible  for  the  control  of  transmitter  release  in  various  neurotransmitter 
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systems.21-23  On  the  other  hand,  [125I]a-BGT  was  found  to  label  several  brain  areas, 
namely,  the  cerebral  cortex,  hippocampus,  hypothalamus,  inferior  and  superior 
colliculus,  and  some  brain-stem  nuclei,3-3  whereas  no  a-BGT-sensitive  nicotinic 
responses  could  be  found  in  these  areas.24  For  this  reason,  a-BGT-binding  proteins 
at  one  time  were  believed  to  mediate  functions  unrelated  to  nAChR.25  Further,  it 
was  not  completely  clear  whether  nAChRs  binding  [3H]nicotine  with  high  affinity 
consisted  of  a  homogenous  population  of  a  single  nAChR  subtype,  or  a  population  of 
various  subtypes  of  nAChRs  that  in  spite  of  being  distinct  from  one  another  could 
have  similar  affinities  for  [3H]nicotine.  Several  complementary  experimental  ap¬ 
proaches,  including  ligand-binding  assays,  molecular  biological  procedures,  and 
electrophysiological  techniques  were  necessary  to  unveil  the  functional,  pharmaco¬ 
logical,  and  structural  diversity  of  CNS  nAChRs.26-27 

Like  their  counterparts  in  the  muscle,  the  nAChRs  in  the  CNS  are  ligand-gated 
cation  channels.  Inasmuch  as  neuronal  and  muscle  nAChRs  are  encoded  by  homolo¬ 
gous  genes,  cDNAs  encoding  muscle  nAChR  subunits  have  been  used  to  screen 
libraries  of  mRNAs  isolated  from  neurons  from  various  CNS  areas  of  chick,  rat,  and 
humans.  To  date,  at  least  eight  a-  (a2  through  a9)  and  three  0-  (02  through  04) 
subunits  have  been  cloned  from  chick,  rat,  and  human  neuronal  tissues.26-28  A  CNS 
nAChR  subunit  is  classified  as  a  if  it  has  the  characteristic  ACh-binding  domain 
found  in  the  muscle  nAChR  a-subunit,  that  is,  the  vicinal  Cys  residues  in  tire 
N-terminal  region.  The  CNS  nAChR  0-subunits  comprise  a  group  of  proteins  that,  in 
addition  to  playing  an  important  role  in  defining  the  structure  of  the  receptor,  may 
also  contribute  to  the  sensitivity  of  the  nAChR  to  a  number  of  pharmacological 
agents.  Whereas  the  CNS  nAChR  a-subunits  are  considerably  homologous  with 
their  muscle  counterparts,  the  CNS  nAChR  0-subunits  show  very  low  homology  to 
the  muscle  nAChR  0-subunit.29  It  is  most  likely  that  the  diverse  properties  of  CNS 
nAChRs  are  largely  due  to  the  fact  that  these  receptors  can  be  made  up  of  different 
associations  of  a-  and  0-subunits.  Indeed,  transient  expression  of  a  variety  of 
combinations  of  a-  and  0-subunits  can  give  rise  to  a  number  of  functionally  distinct 
neuronal  nAChRs  in  Xenopus  oocytes.30  Molecular  biological  studies  have  also 
proven  that  al,  a8,  and  a9  nAChR  subunits  can  form  homomeric,  functional  nAChR 
channels  that  are  remarkably  and  uniquely  sensitive  to  blockade  by  a-BGT.28-31 32 
Although  several  studies  have  dealt  with  the  characterization  of  recombinant 
neuronal  nAChRs,26  it  was  not  until  recently  that  studies  were  directed  at  character¬ 
izing  functionally  and  pharmacologically  native  CNS  nAChRs  in  situ.-1  Research  in 
our  laboratory  has  been  aimed  at  identifying  the  various  functional  nAChRs  ex¬ 
pressed  throughout  the  brain,  at  understanding  the  mechanisms  by  which  nAChR 
activity  can  be  modulated,  and  at  defining  the  ion  selectivity  of  a-BGT-sensitive  CNS 
nAChRs.  In  the  present  paper,  the  following  topics  are  discussed:  (1)  how  CNS 
nAChR  subtypes  can  be  identified  on  the  basis  of  the  pharmacological  and  kinetic 
properties  of  nicotinic  currents  activated  in  various  CNS  neuronal  preparations,  (2) 
the  modulation  of  nAChR  activity  via  an  ACh-insensitive  binding  site  and  via 
intracellular  mechanisms,  and  (3)  the  ion  permeability  of  a-BGT-sensitive  CNS 
nAChRs.  An  understanding  of  the  pharmacological  and  functional  characteristics  of 
CNS  nAChRs  may  serve  as  the  cornerstone  for  the  development  of  useful  therapeu¬ 
tic  strategies  to  treat  and/or  prevent  neuropathological  conditions  such  as  Alzhei¬ 
mer’s33  and  Parkinson’s34  diseases  and  nicotine  addiction,  in  which  the  function  of 
CNS  nicotinic  systems  is  known  to  be  severely  compromised,  and  will  help  to  unveil 
the  physiological  roles  of  nicotinic  synaptic  transmission  in  the  brain. 
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CHARACTERIZATION  OF  FUNCTIONAL  nAChRs  IN  MAMMALIAN 

CNS  NEURONS 

By  the  end  of  the  1980s,  molecular  biological  studies  revealed  that  mRNAs 
coding  for  several  nAChR  a-  and  (3-subunits  can  be  found  in  various  regions  of  the 
CNS,26  and  it  was  not  until  the  early  1990s  that  reports  regarding  the  identification 
and  characterization  of  functional  nAChRs  in  the  mammalian  CNS  by  electrophysi- 
ological  techniques  started  to  appear.8-10’1213  Previously,  only  two  studies  had 
reported  the  existence  of  functional  nAChRs  in  CNS  neurons  by  direct  electrophysi- 
ological  techniques.6  7  Our  studies  on  the  characterization  of  hippocampal  nAChRs 
began  in  1987  when  we  demonstrated,  for  the  first  time,  that  nicotinic  agonists  could 
activate  single-channel  currents  in  cultured  hippocampal  neurons  patch-clamped 
under  the  cell-attached  condition.6  The  relative  difficulty  in  recording  nicotinic 
currents  from  CNS  neuronal  preparations  may  have  contributed  to  there  being  until 
recently  practically  no  electrophysiological  studies  of  nicotinic  responses  in  CNS 
neurons.  Some  of  the  difficulties  underlying  studies  of  neuronal  nicotinic  currents 
were  overcome  by  the  development  of  devices  that  could  guarantee  that  nicotinic 
agonists  could  be  rapidly  applied  to  and  immediately  removed  from  the  vicinity  of  the 
cells.12’13  The  device  we  initially  used  consisted  of  a  U-shaped  tube  fashioned  from  a 
thin  capillary  glass.  At  the  apex  of  the  U  tube  a  pore  of  250-400  |xm  in  diameter  was 
made,  and  through  this  pore  the  test  solutions  were  delivered  to  and  removed  from 
the  vicinity  of  the  neurons.1317  Using  this  device  and  others  similar  to  it,  it  was 
possible  to  measure  reliably  nicotinic  responses  in  biological  preparations  of  CNS 
neurons.12-19 

In  our  initial  studies  on  nicotinic  responses  in  CNS  neurons,  we  found  that 
a-cobratoxin10  or  a-BGT13  could  block  nicotinic  whole-cell  currents  activated  in 
cultured  hippocampal  neurons,  demonstrating  unequivocally  for  the  first  time  the 
existence  of  a-BGT-sensitive  nicotinic  currents  in  CNS  neurons.  In  these  neurons, 
which  were  cultured  from  the  hippocampi  of  rat  fetuses  (embryonic  day  17-18),  the 
peak-current  amplitude  increased  with  the  number  of  days  the  neurons  were 
maintained  in  culture  and  leveled  off  by  4-5  weeks  after  the  plating  of  the  neurons.1  J 
For  instance,  if  a  neuron  was  considered  to  display  nicotinic  sensitivity  when  it 
responded  to  anatoxin-a  (AnTX,  10  p,M)  with  a  peak  whole-cell  current  of  at  least  10 
pA  at  -50  mV,  about  33%  of  the  6-14-day-old  cultured  neurons,  88%  of  the 
21-22-day-old  cultured  neurons,  and  98%  of  the  25-50-day-old  cultured  neurons 
showed  nicotinic  sensitivity.13  When  the  hippocampi  were  removed  from  the  brain  of 
postnatal  rats  at  various  ages  and  the  neurons  were  acutely  dissociated  by  mechanical 
means,  a  similar  pattern  of  increase  in  the  peak  amplitude  of  the  nicotinic  currents 
was  observed.14 

The  pharmacological  identification  of  functional  hippocampal  nAChRs  sensitive 
to  a-BGT  relied  on  the  a-BGT-induced  blockade  of  whole-cell  currents  activated  by 
nicotinic  agonists.  However,  the  slowness  of  onset  and  pseudoirreversible  nature  of 
the  blockade  induced  by  this  toxin  limited  its  utility.  Under  the  experimental 
conditions  used,  the  peak  amplitude  of  a-BGT-sensitive  nicotinic  currents  had  a 
tendency  to  run  down  with  time.  This  rundown,  whose  magnitude  was  variable  from 
cell  to  cell,  was  apparently  independent  of  agonist  identity  and  concentration.1315  It 
was  then  questioned  whether  the  substantial  decrease  of  the  peak  amplitude  of 
hippocampal  nicotinic  currents  observed  after  incubation  of  the  neurons  with  a-BGT 
reflected  the  effect  of  the  toxin  or  rundown  of  the  nicotinic  responses.  Therefore,  we 
had  to  search  for  a  new  antagonist  that  could  specifically  and  reversibly  block 
a-BGT-sensitive  CNS  nAChRs. 
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Methyllycaconitine  (MLA),  an  alkaloid  isolated  from  the  seeds  of  Delphinium 
brownii,  was  initially  shown  to  inhibit  specifically  and  potently  the  binding  of 
[125I]a-BGT  to  brain  membrane  preparations.35  Only  at  very  high  concentrations 
could  MLA  antagonize  the  binding  of  [3H]nicotine  to  the  brain  membrane  prepara¬ 
tions  or  the  binding  of  a-BGT  to  muscle  nAChRs.35  Although  MLA  could  reliably  be 
used  to  identify  a-BGT-sensitive  CNS  nAChRs  in  binding  studies,  its  mechanisms  of 
action  on  CNS  nAChRs  remained  unknown  until  its  effects  on  nicotinic  currents 
activated  in  cultured  hippocampal  neurons  were  investigated.  When  applied  to  the 
neurons  via  the  bath  perfusion,  MLA  could  specifically  and  reversibly  decrease  the 
peak  amplitude  of  whole-cell  currents  elicited  by  nicotinic  agonists.15  The  onset  of 
the  MLA  effect  was  very  rapid.  At  concentrations  of  MLA  that  could  completely 
inhibit  nicotinic  currents,  the  responses  of  the  neurons  to  (V-methyl-D-aspartate 
(NMDA),  quisqualate,  kainate,  or  GABA  remained  unchanged.  The  IC50  for  MLA 
in  inhibiting  nicotinic  currents  in  hippocampal  neurons  was  found  to  be  about  150 


ACh  (3  mM) 

IA  IB  II  III 


FIGURE  1.  Family  of  ACh-activated  whole-cell  currents  in  cultured  hippocampal  neurons. 
Sample  recordings  of  whole-cell  currents  evoked  in  four  hippocampal  neurons  cultured  for  20 
days.  Recordings  were  made  4-18  min  after  obtaining  the  whole-cell  patch.  Holding  potential  = 
—56  mV.  ACh  (3  mM)  pulses  were  applied  for  0.5  to  1  s  as  indicated  by  the  solid  bars  on  the  top 
of  the  traces.  The  external  bath  solution  (pH,  7.3;  osmolarity,  330  mosm)  consisted  of  NaCl  165 
mM,  KC1  5  mM,  CaCl2  2  mM,  glucose  10  mM,  4-(2-hydroethyl)-l-piperazineethanesulfonic 
acid  (HEPES)  5  mM,  and  tetrodotoxin  (TTX)  0.3  |xM.  The  internal  pipette  solution  (pH,  7.3; 
osmolarity,  340  mosm)  consisted  of  CsCl  80  mM.  CsF  80  mM,  ethyleneglycoltetraacetic  acid 
(EGTA)  10  mM,  and  HEPES  10  mM. 


pM,  and  the  inhibition  caused  by  MLA  was  competitive  with  that  caused  by  a-BGT. 
Therefore,  MLA  is  a  potent,  reversible,  and  competitive  nicotinic  antagonist  specific 
for  a-BGT-sensitive  CNS  nAChRs.1517 

The  knowledge  that  accumulated  throughout  the  years  on  the  characteristics  of 
recombinant  and  native  CNS  nAChRs  prompted  us  to  address  in  detail  the  diversity 
of  CNS  nAChRs  expressed  in  various  brain  regions.17-1936  Using  a  number  of 
nicotinic  agonists  and  antagonists,  we  were  able  to  demonstrate  that  at  least  three 
distinct  types  of  nicotinic  currents  can  be  elicited  in  hippocampal  neurons.  Accord¬ 
ing  to  their  pharmacological  and  kinetic  properties,  these  currents  were  classified 
into  types  IA,  II,  and  III17-19  (see  Fig.  1).  It  was  suggested  that  each  of  these  currents 
is  carried  by  a  distinct  type  of  CNS  nAChR  channel. 

Type  IA  currents,  which  are  the  predominant  nicotinic  responses  that  can  be 
elicited  in  hippocampal  neurons,  desensitize  fast,  have  low  affinity  for  ACh,  and  are 
highly  sensitive  to  blockade  by  the  neurotoxins  a-BGT  and  MLA.17  Based  on  EC50S 
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in  eliciting  type  IA  currents,  AnTX  was  the  most  potent  agonist,  followed  by 
dimethylphenylpiperazinium  (DMPP),  (— )nicotine,  cytisine,  ACh,  carbachol,  and 
(+ )nicotine.  At  saturating  concentrations  of  any  given  nicotinic  agonist  tested,  the 
decay  phase  of  type  I A  currents  at  a  holding  potential  of  —50  mV  could  be  fit  by  a 
double-exponential  function,  with  the  fast  decay-time  constant  being  as  short  as  6  ms 
and  averaging  26.7  ±  1.9  ms.  In  outside-out  patches  excised  from  the  soma  of 
hippocampal  neurons  that  showed  at  least  50  pA  of  acetylcholine  (ACh,  1  mM)- 
elicited  type  IA  currents,  ACh  activated  a  type  of  single  channel  whose  open  time  is 
about  110  |xs  at  -60  mV  and  that  has  a  conductance  of  73  pS.18  This  type  of 
ACh-activated  channel  is  sensitive  to  blockade  by  MLA,  and  is  consistently  found  in 
outside-out  patches  excised  from  neurons  that  display  type  IA  whole-cell  currents.  In 
addition,  these  single-channel  currents  show  the  fast  kinetics  of  activation  and 
inactivation  characteristic  of  type  IA  currents.  Thus,  single  channels  that  inactivate 
rather  fast,  have  a  high  conductance,  and  a  brief  lifetime  account  for  the  a-BGT- 
sensitive  IA  currents.18  Because  the  activation  and  desensitization  rates  of  these 
channels  are  so  similar,  the  response  is  always  transient,  and  its  magnitude  depends 
upon  the  rate  of  agonist  application.  This  may  explain  the  failure  of  previous  studies, 
which  used  slow  agonist  perfusion,  to  detect  the  brief-lifetime,  fast-inactivating, 
a-BGT-sensitive  single-channel  currents. 

Only  about  10%  of  the  cultured  hippocampal  neurons  studied  to  date  have 
exhibited  type  II  and  III  nicotinic  currents.16-18  These  currents  desensitize  relatively 
slowly,  are  relatively  insensitive  to  blockade  by  a-BGT  or  MLA,  and  can  be 
selectively  blocked  by  either  dihydro-|3-erythroidine  (DH(3E,  type  II  currents)  or 
mecamylamine  (type  III  currents).  A  distinct  rank  order  of  potency  of  agonists  was 
found  for  each  of  these  two  types  of  nicotinic  currents.  Whereas  the  most  potent 
agonist  in  eliciting  type  II  currents  was  ACh,  followed  by  AnTX,  (  — )  nicotine, 
DMPP,  carbamylcholine,  cytisine,  and  (+)  nicotine,  the  most  potent  agonist  in 
eliciting  type  III  currents  was  AnTX,  followed  by  cytisine,  (— )nicotine,  DMPP,  ACh, 
carbamylcholine,  and  (+)nicotine.17  In  some  neurons,  whole-cell  currents  with 
characteristics  of  both  type  IA  and  type  II  currents  have  been  observed  (Fig.  1). 
These  composite  currents,  which  are  referred  to  as  IB,  display  a  rapidly  decaying 
component  that  can  be  specifically  blocked  by  a-BGT  or  MLA,  and  a  slowly  decaying 
component  that  can  be  specifically  blocked  by  DH|3E.17  In  addition,  fast  application 
of  ACh  (1  mM)  to  a  few  outside-out  patches  excised  from  hippocampal  neurons  can 
activate  simultaneously  two  distinct  types  of  single  channels:  a  fast-desensitizing, 
brief-lifetime,  and  high-conductance  channel  that  accounts  for  the  type  IA  current, 
and  a  slowly  desensitizing,  long-lifetime,  and  low-conductance  channel  that  accounts 
for  the  type  II  currents.18  Although  these  findings  indicate  that  some  neurons  can 
express  two  types  of  nAChRs  and  that  in  some  cases  both  nAChR  subtypes  can  be 
expressed  in  the  same  region  of  the  neuron,  it  is  still  unclear  whether  topological 
segregation  of  the  two  nAChR  subtypes  in  the  neuronal  soma,  dendrites,  or  axon  also 
takes  place. 

The  kinetic  and  pharmacological  properties  of  the  three  “pure”  types  of  whole¬ 
cell  currents  activated  by  nicotinic  agonists  in  hippocampal  neurons  led  us  to  suggest 
that  structurally  distinct  nAChRs  subserved  each  of  these  currents.16  Comparison  of 
the  properties  of  currents  evoked  by  activation  of  recombinant  nAChRs  expressed  in 
oocytes  with  those  of  the  nicotinic  whole-cell  currents  activated  in  hippocampal 
neurons  led  us  to  hypothesize  that  an  a7-bearing  nAChR  accounted  for  the  type  IA 
response,  an  a4(32  nAChR  for  the  type  II  response,  and  an  a3|34  nAChR  for  the  type 
III  response.17  These  inferences  were  supported  by  the  results  obtained  in  in  situ 
hybridization  studies  using  digoxigenin-labeled  cDNA  probes  specific  for  nAChR 
a7,  a4,  and  (32  subunits.  The  mRNAs  coding  for  CNS  nAChR  a7,  a4,  and  (32  subunits 
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were  found  to  be  expressed  in  cultured  hippocampal  neurons19  (Fig.  2),  the  al-  and 
a4-subunit  mRNAs  being  detected  mostly  in  the  perinuclear  cytosol  of  the  cultured 
cells.  In  addition,  the  a7-subunit  mRNA  was  found  to  be  expressed  in  about  70-80% 
of  all  cells,  whereas  the  «4-subunit  mRNA  was  found  to  be  expressed  in  only  20-30% 
of  the  cells,  indicating  that  the  proportion  of  neurons  that  express  the  al-  or 
a4-subunit  mRNAs  is  strongly  correlated  with  the  probability  of  eliciting  type  IA  or 
type  II  currents.  Nevertheless,  it  remains  unclear  whether  type  IA  currents  are 
subserved  by  a  homomeric  al  nAChR  or  a  heteromeric  nAChR  that  bears  in  its 
structure  the  al  subunit,  because  whereas  the  kinetic  and  pharmacological  proper¬ 
ties  of  IA  responses  are  the  same  as  those  of  currents  evoked  by  activation  of 
homomeric  al  nAChRs  transiently  expressed  in  oocytes,  some  of  the  properties  of 
the  ion  channels  that  account  for  IA  responses  are  quite  different  from  those  of 


FIGURE  2.  Identification  of  nAChR  subunit  mRNAs  expressed  in  rat  cultured  hippocampal 
neurons.  Left  panel:  Expression  of  a7-subunit  mRNA  in  cultured  hippocampal  neurons  as 
revealed  by  in  situ  hybridization  using  a  specific  digoxigenin-labeled  cDNA  probe  for  350  bps 
(1617-1968)  of  the  3'  end.  A  sample  recording  of  a  type  IA  current  recorded  from  a 
hippocampal  neuron  cultured  for  20  days  and  held  at  —56  mV  is  superimposed.  As  stated  in  the 
text,  the  characteristics  of  this  nicotinic  current  resembles  those  of  currents  triggered  by 
activation  of  homomeric  a7  nAChRs  in  Xenopus  oocytes.  Middle  and  right  panels:  Expression 
of  a4-subunit  mRNA  ( middle )  and  (34-subunit  mRNA  (right)  in  cultured  hippocampal  neurons 
as  revealed  by  in  situ  hybridization  using  specific  digoxigenin-labeled  cDNA  probes  for  202  bps 
(1903-2105)  of  the  3'  end  of  the  «4-subunit  mRNA  and  for  205  bps  (1-205)  of  the  5'  end  of  the 
(32-subunit  mRNA.  A  sample  recording  of  a  type  II  current  recorded  from  a  hippocampal 
neuron  cultured  for  20  days  and  held  at  —56  mV  is  superimposed  to  the  middle  and  right 
panels.  As  stated  in  the  text,  the  characteristics  of  this  nicotinic  current  resembles  those  of 
currents  triggered  by  activation  of  a4(32  nAChRs  in  various  expression  systems.  Methodology 
used  has  been  described  elsewhere. 


homomeric  a7-nAChR  channels  expressed  in  oocytes.1837  For  instance,  whereas  the 
single  channels  that  account  for  type  IA  currents  appear  as  isolated,  short-lived 
events,  homomeric  al  nAChRs  expressed  in  oocytes  are  typically  activated  in  bursts 
of  10-ms  duration.37  These  functional  discrepancies  indicate  that  posttranslational 
modifications  and/or  actual  subunit  compositions  differ  between  the  native  ot-BGT- 
sensitive  hippocampal  nAChR  and  the  homomeric  al  nAChR  expressed  in  oocytes. 
It  is  also  conceivable  that  these  discrepancies  could  be  accounted  for  by  the 
membrane  compositions  of  Xenopus  oocytes  and  hippocampal  neurons. 

We  also  demonstrated  that  ACh  and  other  nicotinic  agonists  can  activate 
fast-desensitizing,  MLA-/a-BGT-sensitive  whole-cell  currents  in  cultured  neurons 
from  the  rat  olfactory  bulb36  (Fig.  3).  The  pharmacological  and  kinetic  profile  of 
these  nicotinic  currents  suggested  that  olfactory  bulb  neurons  express  a  neuronal 
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ACh  (3mM) 


DMPP  (0.3  mM)  (-)Nic  (0.3  mM) 


FIGURE  3.  Nicotinic  currents  activated  in  rat  cultured  olfactoiy  bulb  neurons.  Sample 
recordings  of  whole-cell  currents  evoked  in  one  olfactory  bulb  neuron  cultured  for  29  days.  The 
nicotinic  agonists  were  applied  to  the  cell  as  250-ms  pulses  separated  by  2-min  intervals. 
Holding  potential  =  -56  mV.  Compositions  of  the  external  and  internal  solutions  were  the 
same  as  those  described  in  Figure  1. 


nAChR  with  properties  similar  to  those  reported  above  for  a-BGT-sensitive  nAChRs 
expressed  in  hippocampal  neurons.  To  date,  no  other  type  of  nicotinic  response  has 
been  found  in  cultured  olfactory  bulb  neurons,  although  mRNAs  encoding  for  a4 
and  (32  have  been  found  in  these  neurons  by  in  situ  hybridization  (unpublished 
observations). 

The  discovery  of  substances  that  can  act  specifically  on  one  receptor  type  in  the 
CNS  is  of  immense  therapeutic  implications  given  that  such  substances  would  have 
more  selective  neurological  effects  and  as  a  result  may  be  less  toxic.  Very  recently, 
the  alkaloid  epibatidine,  which  was  originally  isolated  from  frog  skin,  was  shown  to 
have  a  potent  analgesic  activity  that  is  insensitive  to  naloxone,  but  can  be  completely 
antagonized  by  the  nicotinic  antagonist  mecamylamine.38  The  idea  that  CNS  nAChRs 
could  mediate  the  analgesic  activity  of  epibatidine  was  supported  by  the  finding  that 
this  alkaloid  can  induce  mecamylamine-sensitive  ion  fluxes  into  cultured  cells  that 
express  different  neuronal  nAChR  subtypes. j8  The  (— )  and  (+)  stereoisomers  of 
epibatidine  were  approximately  equipotent  as  nicotinic  agonists  in  the  tested  cell 
systems.38  To  characterize  the  specificity  of  epibatidine  on  CNS  nAChRs,  we  tested 
the  effects  of  both  isomers  in  cultured  hippocampal  neurons  under  whole-cell 
patch-clamp  conditions.  Both  (+)  and  (-)  epibatidine  were  able  to  act  as  full 
agonists  in  eliciting  type  IA  currents  (Fig.  4),  and  practically  no  stereoselectivity  was 
observed,  because  the  EC50s  for  (-)  and  (  +  )  epibatidines  were  of  about  1  and  2  p,M, 
respectively  (Fig.  5).  In  contrast,  low  nanomolar  concentrations  of  (  +  )  or  (-) 
epibatidine  were  able  to  activate  type  II  currents  (Fig.  4),  and  the  (+)  isomer  was 
much  more  effective  than  the  (-)  isomer  in  eliciting  type  II  currents  (Fig.  5).  Based 
on  our  results,  epibatidine  would  seem  to  be  a  more  potent  and  selective  agonist  for 
the  hippocampal  a4(32  nAChR  than  for  the  a7-bearing  hippocampal  nAChR.  It 
remains  to  be  determined  whether  epibatidine  would  be  even  more  potent  in 
activating  other  types  of  neuronal  nAChRs.39  Epibatidine,  in  addition  to  being  an 
extremely  potent  agonist  on  neuronal  nAChRs,  has  also  been  proven  to  be  a  highly 
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specific  nicotinic  agonist,  because  it  does  not  interact  with  other  neuronal  neurotrans¬ 
mitter  receptors,  such  as  GABA  receptors,  NMDA  receptors,  serotoninergic  recep¬ 
tors,  and  dopaminergic  receptors.  ^  Thus,  the  characterization  of  the  interactions  of 
this  alkaloid  with  CNS  nAChRs  may  be  of  major  importance  to  the  understanding  of 
how  these  receptors  are  involved  in  the  analgesia  induced  by  nicotinic  agonists.40 


MODULATION  OF  nAChR  ACTIVITY  IN  THE  MAMMALIAN  CNS 
Modulation  of  nAChR  Activity  by  Extracellular  Ligands 

The  coexistence  of  neuromodulators  and  neurotransmitters  in  many  synapses  is 
associated  with  the  presence  of  specific  receptor-binding  sites  that  are  distinct  from 
the  agonist  sites  and  are  presumed  to  recognize  the  modulator.  The  NMDA  type  of 
glutamatergic  receptor,  for  example,  which  is  involved  in  learning,  memory,  and 
neuronal  function,  has  a  number  of  regulatory  sites  that  are  targets  for  endogenous 


ACh  (3  mM)  (+)Epl  0° 


(  +  )Epi  (3  nM) 


FIGURE  4.  Epibatidine-evoked  nicotinic  whole-cell  currents  in  rat  cultured  hippocampal 
neurons.  Top,  left:  Sample  recording  of  ACh-activated  type  IA  current  in  a  hippocampal 
neuron  cultured  for  21  days.  Top,  right:  Sample  recording  of  epibatidine-activated  current  in 
the  same  neuron  as  in  the  left  panel.  Bottom,  left:  Sample  recording  of  ACh-activated  type  II 
current  in  a  hippocampal  neuron  cultured  for  11  days.  Bottom,  right:  Sample  recording  of 
epibatidine-activated  current  in  the  same  neuron  as  in  the  left  panel.  The  nicotinic  agonists 
were  applied  to  the  cell  every  2  min.  Duration  of  the  agonist  pulses  is  indicated  by  the  solid  bars 
on  the  top  of  the  traces.  Holding  potential  =  -56  mV.  Currents  were  classified  as  type  I  or  II  on 
the  basis  of  the  kinetics  of  their  decay  phase  and  their  sensitivity  to  MLA  (1  nM)  or  DHpE  (100 
nM).  Compositions  of  the  external  and  internal  solutions  were  the  same  as  those  described  in 
Figure  1. 
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(-)Epi  (1  /J.M) 


(  +  )Epl  (2  jjM) 


(-)Epi  (10  nM) 


(  +  )Epi  (3  nM) 


FIGURE  5.  Enantiomers  of  epibatidine  distinguish  the  subtypes  of  nAChRs  present  on 
hippocampal  neurons.  Top:  Sample  recordings  of  type  IA  current  activated  by  (— )  {left)  or  (+) 
(j right )  epibatidine.  The  recordings  were  obtained  from  a  hippocampal  neuron  cultured  for  18 
days.  Bottom:  Sample  recordings  of  type  II  current  activated  by  (-)  {left)  or  (+)  {right ) 
epibatidine.  The  recordings  were  obtained  from  a  hippocampal  neuron  cultured  for  11  days. 
The  nicotinic  agonists  were  applied  to  the  cell  every  2  min.  Duration  of  the  agonist  pulse  is 
indicated  on  the  top  of  the  traces.  Holding  potential  =  -56  mV.  Currents  were  classified  as 
type  I  or  II  on  the  basis  of  their  sensitivity  to  MLA  (1  nM)  or  DH3E  (100  nM).  Compositions  of 
the  external  and  internal  solutions  were  the  same  as  those  indicated  in  Figure  1. 


and  exogenous  compounds,  such  as  (1)  glycine,  which  is  known  to  decrease  NMD  A 
receptor  desensitization;  (2)  Mg2+,  MK-801,  and  phencyclidines,  each  of  which  can 
cause  voltage-dependent  blockade  of  NMDA-induced  responses  via  different  mecha¬ 
nisms;  (3)  Zn2+,  which  allosterically  inhibits  NMD  A  receptor  activity;  and  (4) 
polyamines,  which  either  potentiate  or  inhibit  the  activation  of  NMDA  receptors.41 

In  contrast  to  the  vast  knowledge  on  neuromodulators  that  can  bind  to  the 
NMDA  receptor  and  control  its  activation,  little  is  known  with  respect  to  neuromodu¬ 
lators  that  can  control  nAChR  activity  in  the  CNS  or  at  the  neuromuscular  junction. 
For  example,  about  15  years  ago,  perhydrohistrionicotoxin  (H12HTX)  was  shown  to 
have  differential  effects  on  end-plate  currents  (EPCs)  depending  upon  whether  the 
EPCs  were  activated  by  nerve  stimulation  or  by  iontophoretic  application  of  ACh.42 
It  was  hypothesized  then  that  an  endogenous  neuromodulator  and  ACh  could  be 
simultaneously  released  from  the  nerve  terminal,  and  that  such  a  modulator  could 
act  upon  the  muscle  nAChR  to  protect  it  from  the  inhibitory  effect  of  H^HTX  on 
nerve-evoked  EPCs.42  However,  the  nature  of  this  putative  neuromodulator  and  its 
site  on  action  on  the  nAChR  remain  obscure  to  date. 

Very  recently,  a  new  binding  site  was  identified  on  neuronal  and  muscle  nAChRs 
through  which  the  ion-channel  activity  can  be  modulated.  This  site,  which  is 
insensitive  to  ACh,  recognizes  as  agonists  the  anticholinesterases  physostigmine 
(PHY)  and  galanthamine  (GAL),  as  well  as  the  muscle  relaxant  benzoquinonium 
(BZQ),  and  the  morphine  derivative  codeine  (Fig.  6).43-51  It  was  initially  shown  that 
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at  therapeutically  relevant  concentrations,  PHY  can  interact  directly  with  the  muscle 
nAChR  as  an  agonist  and  an  open-channel  blocker.43-44  Subsequently,  the  agonist 
effect  of  PHY  was  observed  in  several  other  preparations,  each  of  which  expressed 
different  types  of  nAChRs.  Indeed,  PHY,  as  well  as  BZQ  and  GAL,  can  activate  the 
nAChRs  expressed  on  frog  muscle  fibers,  electric  organs  of  Torpedo,  cultured 
hippocampal  neurons,  M10  fibroblasts,  and  clonal  pheochromocytoma  (PC12) 
cells.43-52  The  important  conclusion,  however,  was  that  PHY,  GAL,  or  BZQ  could 
activate  the  nAChR  channels  present  in  these  preparations  by  binding  to  a  site 
distinct  from  that  for  ACh.  Such  a  conclusion  was  inferred  from  the  findings  that  (1) 
the  nAChR-specific  monoclonal  antibody  FK1  can  block  the  agonist  actions  of  these 
three  compounds,  without  affecting  those  of  ACh,  and  (2)  competitive  nicotinic 
antagonists  have  no  effect  on  the  agonist  actions  of  PHY,  GAL,  and  BZQ,  but  block 
those  of  ACh.45-53  Supporting  the  notion  that  the  effects  of  PHY  are  mediated  via  an 
ACh-insensitive  nAChR  site,  PHY,  but  not  ACh,  displaces  the  binding  of  FK1  to 
hippocampal  neurons,48  and  PHY  can  activate  ion  flux  into  Torpedo  vesicles  even 
after  the  nAChR  has  been  desensitized  by  high  concentrations  of  ACh.46 

In  an  attempt  to  identify  the  nAChR  binding  site  for  PHY,  a  study  using 
photoaffinity-labeling  techniques  was  carried  out  in  membrane  preparations  from 
Torpedo  electroplax.50  In  that  study,  [3H]PHY  was  activated  by  ultraviolet  light  to 
react  covalently  with  its  binding  site  on  the  membrane-bound  Torpedo  nAChR,  and 
predominantly  the  Lys-125  residue  of  the  nAChR  a-subunit  was  found  to  be 
radiolabeled.  This  residue  is  not  situated  in  the  sequence  regions  presently  suggested 
to  contain  elements  of  the  ACh-binding  site,  but  is  located  within  the  extracellular, 
amino-terminal  region  of  all  the  nAChR  a  subunits  cloned  to  date,  a  domain  suitable 
for  the  binding  of  extracellular  ligands48-54  (Fig.  7).  Basically  two  main  domains  can 
be  defined  in  the  amino-terminal  region  of  nAChR  subunits.  One  of  these  domains 


FIGURE  6.  Chemical  structures  of  physostigmine,  galanthamine,  and  codeine.  The  tridimen¬ 
sional  structures  of  physostigmine  (eserine),  galanthamine,  and  codeine  are  illustrated.  In  the 
structures,  O  and  N  represent  the  oxygen  and  nitrogen  atoms,  respectively.  (Adapted  from 
Storch  etal.52) 
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contains  the  invariant  Cys  192  and  193  residues  to  which  ACh  and  nicotinic 
antagonists  (such  as  the  monoclonal  antibody  WF6)  can  bind,  and  the  other  includes 
the  invariant  Lys-125  to  which  PHY  and  related  ligands  (such  as  the  monoclonal 
antibody  FK1)  can  bind.  Using  synthetic  peptides  that  represented  the  amino  acid 
sequences  181-200  and  118-137  of  the  Torpedo  nAChR  a  subunit,  it  was  demon¬ 
strated  that  whereas  FK1  binds  with  high  affinity  to  the  peptide  al  18-137  and  with 
low  affinity  to  the  peptide  al81-200,  WF6  binds  with  low  affinity  to  the  peptide 
al  18-137  and  with  high  affinity  to  the  peptide  al81-200.54  Taken  together  with  the 
results  from  functional  and  ligand  competition  studies,  these  findings  indicate  that 
there  is  practically  no  overlap  between  the  binding  sites  for  PHY  and  ACh,  and 
partial  overlap  between  the  binding  sites  for  FK1  and  WF6.  The  sequence  region  of 
nAChR  a  subunits  in  which  the  binding  site  for  PHY  and  related  compounds  is 
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FIGURE  7.  Location  of  the 
PHY-binding  site  on  the  nAChR 
a  subunit.  In  this  model  of  the 
nAChR  a  subunit,  the  amino 
acid  residues  are  numbered  ac¬ 
cording  to  the  primary  structure 
of  the  Torpedo  nAChR.  Arrow  A 
points  to  the  ACh-binding  site, 
and  B  points  to  the  PHY-bind¬ 
ing  site  (From  Pereira  et  a/.48 
Reproduced,  with  permission, 
from  the  Journal  of  Pharmacol¬ 
ogy  and  Experimental  Therapeu¬ 
tics.  ) 


located  (al  18-137)  is  amphipathic.54  The  hydrophobicity  of  the  nAChR  region  that 
contains  the  PHY-binding  site  may  account,  at  least  in  part,  for  the  ligand  selectivity 
of  this  site  for  PHY  and  related  compounds.  In  fact,  in  contrast  to  compounds  that 
bind  to  the  ACh  site,  which  are  essentially  hydrophilic,  all  the  compounds  found  to 
bind  to  the  PHY  site  are  extremely  hydrophobic.  Inasmuch  as  the  region  surrounding 
and  including  Lys-125  is  highly  conserved  in  all  the  nAChR  a  subunits  sequenced  to 
date,48  and  PHY  has  been  shown  to  interact  with  a  variety  of  nAChR  subtypes,  it  is 
most  likely  that  the  novel  identified  ligand  site  on  the  neuronal  nAChR  plays  a  key 
role  in  the  control  of  the  activation  of  most,  if  not  all,  nAChR  subtypes.  The 
identification  of  an  endogenous  ligand  that  could  bind  to  this  site  and  control 
nAChR  activity  would  ensure  the  physiological  relevance  of  this  newly  identified  site 
in  the  process  of  nicotinic  synaptic  transmission. 
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During  the  process  of  synaptic  transmission  in  the  neuromuscular  junction, 
depolarization  of  the  presynaptic  nerve  terminal  causes  Ca2+  influx,  mobilization  of 
the  ACh-containing  vesicles,  and  increase  of  ACh  release  into  the  synaptic  cleft. 
ACh,  then,  ditfuses  across  the  synaptic  cleft  from  the  presynaptic  terminal  to  the 
muscle,  binds  to  the  postsynaptic  nAChRs,  and  increases  with  high  efficacy  the 
probability  of  opening  of  the  nAChR  channel.55  56  In  contrast,  the  efficacy  of  PHY 
and  PHY-like  compounds  as  nicotinic  agonists,  either  on  muscle  or  CNS  nAChRs,  is 
apparently  so  low  that  although  these  compounds  can  activate  nicotinic  single¬ 
channel  currents  they  are  unable  to  evoke  macroscopic  currents.47-48,51-52  At  this 
stage,  one  cannot  rule  out  the  possibility  that  these  compounds  can  also  exert  other 
effects  on  the  nAChR,  which  oppose  and  outweigh  their  agonist  effects,  and  impair 
their  ability  to  activate  whole-cell  responses.  Indeed,  all  the  compounds  that  have 
been  shown  to  bind  to  the  newly  described  nAChR  site  also  have  open-channel 
blocking  properties  or  desensitizing  effects  on  the  nAChRs,  and  the  concentrations 
at  which  such  compounds  can  block  or  inactivate  the  nAChR  channels  overlap  those 
at  which  they  act  as  agonists.48-51  Nevertheless,  it  is  tempting  to  speculate  that  ligands 
that  would  bind  to  this  newly  described  nAChR  site  could  act  as  co-agonists  rather 
than  agonists,  thereby  potentiating  channel  activation  by  the  natural  transmitter 
(unpublished  observations).  Such  a  co-agonist  action  has  been  observed  for  glycine 
on  the  NMDA  receptor.58-59  Considering  that  there  might  be  an  endogenous  ligand 
that  binds  to  the  PHY/GAL  site  and  modulates  the  CNS  nAChR  activity,  such  a 
ligand  could  be  part  of  a  “chemical  network.”  In  such  a  network,  endogenous 
neurohormones  and/or  neurotransmitters,  in  addition  to  serving  their  primary 
receptors,  could  modulate  the  activation  of  the  nAChR  by  ACh. 

An  attempt  has  been  made  to  identify  endogenous  ligands  that  could  bind 
specifically  to  the  PHY/GAL-binding  site.52  Based  on  molecular  modeling,  phenan- 
threne-type  opium  alkaloids  were  found  to  be  structurally  related  to  PHY  and  GAL 
(Fig.  8).  In  outside-out  patches  excised  from  PC12  cells,  the  morphine  derivative 
codeine  could  activate  single-channel  currents  via  the  same  mechanism  as  PHY  and 
GAL.52  Therefore,  endogenous  opioid-type  compounds,  for  example,  endorphin 
and/or  enkephalin,  may  serve  as  endogenous  ligands  for  this  newly  described 
nAChR-binding  site. 


Modulation  of  Activity  of  CNS  nAChRs  by  Phosphorylation 

Receptor  phosphorylation  is  a  well-known  mechanism  by  which  muscle  nAChR 
activity  can  be  modulated.  In  the  neuromuscular  junction,  the  motoneurons  release  a 
peptide  named  calcitonin-gene-related  peptide  (CGRP),  which  can  bind  to  Gs- 
coupled  CGRP  receptors  located  postsynaptically  in  muscles.59  Binding  of  CGRP  to 
its  receptors  can  stimulate  cAMP-dependent  phosphorylation  of  muscle  nAChRs, 
which  can  then  be  desensitized  more  rapidly  by  ACh.59  The  phosphorylation  state  of 
proteins  closely  associated  with  ion  channels  has  also  been  associated  with  the 
rundown  of  currents  triggered  by  activation  of  a  number  of  voltage-  and  neurotrans¬ 
mitter-gated  ion  channels.  For  instance,  the  rundown  of  NMDA-activated  whole-cell 
currents  and  voltage-activated  Ca2+  currents  can  be  prevented  by  the  use  of  an 
ATP-regenerating  internal  solution.60-61  The  ATP-regenerating  internal  solution 
consisted  of  ATP,  phosphocreatine,  and  creatine  phosphokinase,  and  its  main 
function  was  to  keep  the  intracellular  levels  of  ATP  constant  in  spite  of  the  dialysis  of 
the  intracellular  contents  by  the  pipette  solution  during  the  whole-cell  experiments. 
Apparently,  the  mechanism  by  which  ATP  prevents  the  rundown  of  NMDA- 
activated  currents  and  voltage-gated  Ca2+  currents  is  unrelated  to  a  direct  phosphor- 
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FIGURE  8.  Structural  relationship  between  the  structures  of  galanthamine  and  codeine.  The 
tridimensional  chemical  structures  of  galanthamine  and  codeine  are  superimposed  to  depict 
the  common  structural  features  between  these  two  compounds.  (Adapted  from  Storch  et  a/.52) 


ylation  of  the  ion-channel  protein.  Instead,  it  seems  that  ATP  can  influence  the 
activity  of  these  ion  channels  by  altering  the  state  of  actin  polymerization.60  A  model 
has  been  proposed  in  which  Ca2+  binds  to  and  modulates  the  function  of  a  regulatory 
protein  whose  interactions  with  the  NMDA  receptor  are  dependent  upon  the 
integrity  of  underlying  cytoskeletal  elements,  particularly  actin.60  This  model  ac¬ 
counts  for  both  the  Ca2+  and  ATP  dependence  of  rundown  of  NMDA-activated  and 
voltage-gated  Ca2+  currents.  We  have  demonstrated  that  addition  of  ATP- 
regenerating  compounds  to  the  internal  solution  can  prevent  rundown  of  type  IA 
currents  without  changing  their  kinetic  properties  in  cultured  hippocampal  neu¬ 
rons17’19  from  fetal  rats  (Fig.  9).  Remarkably,  phosphocreatine  per  se  is  able  to 
prevent  the  rundown  of  type  IA  currents  to  the  same  extent  as  the  entire  ATP- 
regenerating  solution,  in  this  way  suggesting  that  phosphocreatine  may  be  readily 
removed  during  the  dialysis  of  the  intracellular  contents.19  It  is  conceivable  that  the 
removal  of  intracellular  phosphocreatine  may  affect  substantially  the  phosphoryla¬ 
tion  state  of  the  a7-bearing  nAChR,  that  is,  the  nAChR  that  subserves  type  IA 
currents,  or  of  proteins  closely  associated  with  this  nAChR.  The  phosphorylation/ 
dephosphorylation  state  of  such  proteins  may  not  affect  the  fast  nAChR  inactivation 
that  accounts  for  the  fast  decay  of  IA  currents  in  the  presence  of  ACh,  but  may  be 
essential  for  the  slow  nAChR  inactivation  that  accounts  for  the  rundown  of  the 
currents  with  time.  Under  our  experimental  conditions,  the  mechanism  by  which 
phosphorylation  would  play  a  role  in  preventing  rundown  of  type  IA  currents  seems 
to  be  unrelated  to  the  microtubule  or  microfilament  components  of  the  cytoskeleton, 
because  the  presence  of  taxol,  a  microtubule  stabilizer,  or  phalloidin,  a  microfila¬ 
ment  stabilizer,  in  the  internal  solution  did  not  alter  the  rate  of  rundown  of  type  IA 
currents.19  Of  interest,  rundown  is  not  observed  in  type  II  currents,  which  are 
supposedly  subserved  by  an  a4p2  neuronal  nAChR. 
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Modulation  of  Activity  of  CNS  nAChRs  by  Intracellular  Mg2+ 

Rectification  is  another  property  of  voltage-  and  neurotransmitter-gated  ion 
channels  that  can  be  modulated.  Rectification  can  occur  because  of  lower  probability 
of  channel  openings  in  one  range  of  membrane  potentials  versus  another,  or  because 
of  a  voltage-dependent  blockade  of  the  ion  channels  by  a  given  element.  For 
instance,  it  is  well  known  that  at  physiological  concentrations  extracellular  Mg2+  can 
cause  a  voltage-dependent  blockade  of  NMDA  receptors,  thereby  causing  NMDA- 
activated  whole-cell  currents  to  rectify  at  membrane  potentials  more  negative  than 
-50  mV.62  Also,  ACh-activated  currents  in  PC12  cells  show  an  inward  rectification 
that  can  be  accounted  for  both  by  a  blockade  of  the  nAChR  channels  by  physiological 
concentrations  of  intracellular  Mg2+  and  by  a  low  probability  of  neuronal  nAChR 
channel  opening  at  positive  potentials.63 

Although  most  of  the  recombinant  neuronal  nAChRs  have  been  known  to  give 
rise  to  currents  that  rectify  inwardly,  in  our  initial  studies  type  IA  currents  in 
hippocampal  neurons  displayed  a  mild  inward  rectification  at  the  beginning  of  the 
whole-cell  current  recordings,  and  this  rectification  tended  to  disappear  with  time.17’19 
These  results  indicated  that  a  component  of  the  intracellular  contents,  which  could 
account  for  the  inward  rectification  of  the  currents,  was  probably  being  removed 
during  the  recording  by  dialysis.  Because  our  internal  solution  had  a  high  concentra- 
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FIGURE  9.  ATP-regenerating  com¬ 
pounds  can  prevent  the  rundown  of  type 
IA  currents.  Top  traces  represent  sample 
recordings  of  ACh-evoked  whole-cell  cur¬ 
rents  using  an  internal  solution  devoid  of 
ATP-regenerating  compounds.  ACh  was 
applied  to  a  40-day-old  cultured  hippo¬ 
campal  neuron  in  1-s  pulses  separated  by 
2-min  intervals.  Bottom  traces  represent 
sample  recordings  of  ACh-evoked  whole- 
cell  currents  using  an  ATP-regenerating 
internal  solution  (ATP-RS).  ACh  was 
applied  to  a  20-day-old  cultured  hippo¬ 
campal  neuron  as  1-s  pulses  separated  by 
2-min  intervals.  Holding  potential  =  -56 
mV.  Bottom  graph  depicts  the  effect  of 
the  ATP-regenerating  solution  on  the 
progressive  decrease  of  the  peak-current 
amplitude  with  time.  The  peak-current 
amplitude  activated  by  the  first  ACh  pulse 
was  considered  as  100%. 
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tion  of  F",  an  anion  whose  solubility  product  with  Mg2+  is  extremely  low  and  leads  to 
precipitation  of  Mg2+  in  the  form  of  MgF2,  it  was  hypothesized  that  intracellular 
Mg2+  could  account,  at  least  in  part,  for  the  inward  rectification  of  type  IA  currents, 
and  that  its  removal  from  the  intracellular  medium  would  result  in  attenuation  of  the 
inward  rectification.  To  test  this  hypothesis,  Mg2+ -containing,  F  -free  internal 
solutions  were  used  in  experiments  directed  at  studying  IA  current-voltage  (I-V) 
relationships.  At  the  negative  range  of  membrane  potentials,  the  I-V  relationship  for 
type  IA  responses  was  the  same  regardless  of  the  presence  or  absence  of  Mg2+  (2  or  5 
mM)  in  the  internal  solution.  However,  at  the  positive  range  of  membrane  potentials, 
Mg2+  in  the  internal  solution  inhibited  the  outward  currents.  In  the  range  of  0  to  50 
mV,  the  normalized  peak-current  amplitudes  were  smaller  than  those  obtained  in 
the  absence  of  added  Mg2+.19  Therefore,  under  physiological  conditions,  intracellu¬ 
lar  Mg2+  may  play  a  key  role  in  the  control  of  a-BGT-sensitive  nAChR  activity  in  the 
CNS. °In  contrast  to  type  I A  currents,  type  II  currents  rectified  both  in  the  presence 
and  in  the  absence  of  Mg2+  (2  or  5  mM).19  Thus,  whereas  intracellular  Mg2+  may 
modulate  the  activity  of  native  a7-bearing  CNS  nAChRs  in  vivo,  it  may  not  be  the 
major  factor  that  affects  the  activity  of  native  a4(32  CNS  nAChRs. 

Activation  of  NMDA  receptors  in  neurons  can  result  in  a  substantial  increase  in 
the  intracellular  concentrations  of  free  Mg2+.64  Therefore,  although  the  normal 
physiological  levels  of  intracellular  Mg2+  may  be  enough  to  prevent  to  a  great  extent 
the  activation  of  ct-BGT-sensitive  nAChRs  at  depolarized  potentials,  it  is  tempting  to 
speculate  that  if  NMDA  receptors  and  a-BGT-sensitive  nAChRs  are  expressed  in 
the  same  neuron,  when  the  NMDA  receptor  is  activated  at  depolarized  membrane 
potentials  and  the  intracellular  levels  of  free  Mg2+  are  increased,  the  nAChR 
activation  would  be  completely  prevented.  Such  a  cross-talk  between  the  two  neuro- 
transmitter  systems,  that  is,  the  glutamatergic  and  the  cholinergic  systems,  would  be 
of  pivotal  relevance  to  cell  function,  given  that  both  NMDA  receptors  and  a-BGT- 
sensitive  nAChRs  are  highly  permeable  to  Ca2+.  This  cross-talk  may  represent  a 
means  by  which  rapid  rise  in  intracellular  Ca2+  concentrations  via  activation  of 
NMDA  receptors  and  nAChRs  could  be  tightly  controlled,  so  that  intracellular  Ca2+ 
overloading  could  be  avoided. 


ION  PERMEABILITY  OF  a-BGT-SENSITIVE  CNS  nAChRs 

Intracellular  Ca2+  is  important  in  a  variety  of  physiological  processes  ranging 
from  modulation  of  neurotransmitter  release  to  control  of  cell  survival.  Several 
pathways,  each  of  which  has  distinct  temporal  characteristics  and  total  capacities, 
can  lead  to  a  rise  in  intracellular  Ca2+  concentration.65  The  fastest  ones  rely  upon 
extracellular  Ca2+  entry  through  selective  ion  channels,  such  as  the  voltage-gated 
Ca2+  channels  and  some  neurotransmitter-gated  channels.  Among  the  latter,  the 
glutamate-activated  NMDA  channels  are  the  most  widely  distributed  and  best 
characterized  in  the  CNS.  Recent  studies  have  shown  that  neuronal  nAChRs  also 
have  a  significant  Ca2+  permeability,66-71  presenting  the  interesting  possibility  that 
central  cholinergic  transmission  might  be  involved  in  fast  intracellular  Ca2+  signals. 
It  is  now  clear  that  the  Ca2+  permeability  differs  among  nAChR  subtypes,  and  that  a 
cellular  specificity  of  the  signal  may  occur  depending  upon  the  nAChRs  expressed. 
In  the  case  of  chick  ciliary  ganglion  neurons,  nAChRs  sensitive  to  a-BGT  and  MLA 
induce  a  marked  rise  in  intracellular  Ca2+,  whereas  a-BGT-insensitive  nAChRs  in 
the  same  cells  generate  a  much  smaller  Ca2+  signal.71  Also,  among  the  recombinant 
nAChR  channels,  the  a7-based  homomers  are  unique  not  only  in  being  sensitive  to 
a-BGT  but  also  in  having  the  highest  relative  Ca2+  permeability.67-69  Thus,  the  Ca2+ 
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permeability  of  the  native,  a-BGT-sensitive,  hippocampal  nAChR  channel  (which 
probably  bears  a7-subunits  in  its  structure17-19)  could  be  high,  and  this  could  be  the 
clue  to  its  physiological  function.  Recently,  our  research  has  been  aimed  at  determin¬ 
ing  relative  ion  permeabilities  of  this  nAChR  channel  in  cultured  rat  hippocampal 
neurons,  according  to  classical  Goldman-Hodgkin-Katz  (GHK)  modeling. 

The  reversal  potential  (VR)  of  ACh-induced  IA  currents  was  measured  using 
physiological  solutions  of  various  compositions.72-74  In  order  to  ascertain  that  only 
the  a-BGT-sensitive  currents  were  being  tested,  it  was  essential  to  perform  the 
experiments  in  the  presence  of  DH(JE  (0.1  n-M)  to  inhibit  the  activation  of  type  II 
(a4(32)  nicotinic  channels.  Permeability  ratios  relative  to  Cs+  were  calculated 
independently  of  the  intracellular  medium,  using  a  GHK  equation  for  VR  shifts  in 
the  presence  of  Ca2+.  To  ascertain  the  accuracy  of  the  calculations,  VRs  were 
corrected  for  liquid-junction  potentials,  and  ion  activities  were  used  instead  of 
concentrations.  Also,  experiments  with  NMDA-gated  currents  were  carried  out  in 
parallel,  providing  an  internal  standard  for  our  permeability  measurements.  Replac¬ 
ing  extracellular  Cl-  with  methanesulfonate  caused  a  negative  shift  in  the  ACh 
current  VR,  ruling  out  a  significant  contribution  of  Cl"  to  type  IA  currents.  Upon 
switching  from  150  mM  Cs+-  to  150  mM  Na+ -containing  external  solutions,  the 
ACh-gated  current  VR  showed  a  small  positive  shift  that  could  be  accounted  for  by 
the  higher  Na+  activity,  so  that  PNa/Pcs  was  close  to  the  unity.  Then,  the  Ca2+ 
permeability  was  investigated  using  Cs+ -based  external  solutions  containing  various 
Ca2+  concentrations.  The  VR  of  the  ACh-activated  currents  became  more  positive 
when  the  extracellular  Ca2+  concentration  was  raised  from  1  to  10  mM  (Fig.  10), 
with  the  shifts  yielding  a  PCa/Pcs  of  about  6.  In  similar  experiments,  PCa/Pcs  for  the 
NMDA  currents  was  about  10.  Thus,  the  native  a7-bearing  nAChR  in  the  rat 
hippocampus  is  a  cation  channel  considerably  permeable  to  Ca2+,  nearly  as  much  as 
the  NMDA  channel.74  Although  both  these  ACh-  and  glutamate-gated  channels  can 
mediate  Ca2+  influx,  their  I-V  relationships  are  quite  different,  suggesting  nonover¬ 
lapping  roles  in  the  regulation  of  the  neuronal  Ca2+  concentration. 


PHYSIOLOGICAL  FUNCTIONS  OF  CNS  nAChRs 

The  current  knowledge  of  the  physiological  roles  of  neuronal  nAChRs  is  still  very 
poor,  which  is  most  regrettable  in  view  of  the  increasing  evidence  implicating 
alterations  in  nAChR  function  and/or  expression  in  physiopathological  processes  as 
in  Alzheimer’s  and  Parkinson’s  diseases.33-34  Our  approach  to  this  problem  has  been 
to  advance  in  the  characterization  of  the  functional,  structural,  and  pharmacological 
properties  of  the  brain  nAChRs  at  the  molecular  and  cellular  levels. 

As  alluded  to  previously,  for  a  number  of  years  the  a-BGT-binding  proteins  in 
the  brain  were  believed  to  be  unrelated  to  functional  nAChRs.26  It  was  not  until  the 
cloning  of  the  chick  nAChR  a7  subunit  and  the  demonstration  that  this  subunit  can 
form  a  functional  ACh-gated  ion  channel  that  the  a-BGT-binding  proteins  in  the 
CNS  were  seen  as  putative  functional  nAChRs.31  Another  indirect  evidence  that 
CNS  a-BGT-binding  proteins  could  be  functional  nAChRs  appeared  when  affinity- 
purified  a-BGT-binding  proteins  from  the  chick  optic  lobe  were  shown  to  yield 
functional  nAChR  channels  when  reconstituted  in  planar  lipid  bilayer.75  The  direct 
demonstration  that  a-BGT-sensitive  currents  can  be  activated  in  a  neuron  came  with 
the  recordings  made  in  our  laboratory, 12-15  soon  followed  by  others.16-20  This  “novel,” 
a-BGT-sensitive  receptor  channel,  which  is  likely  to  be  distributed  in  all  the  brain 
areas  where  a-BGT  binding  and  a7-subunit  mRNA  have  been  detected,  can  now  be 
functionally  probed.  However,  the  intrinsic  properties  of  this  receptor  channel, 


64 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


including  fast  kinetics  and  a  tendency  to  rundown,  still  challenge  our  technical 
capabilities.  To  date,  no  one  has  been  able  to  identify  the  endogenous  functional 
activity  of  these  receptors,  like,  for  instance,  an  a-BGT-sensitive  postsynaptic 
potential.  Although  the  whole-cell  and  single-channel  currents  activated  by  fast 


•  [Ca2  +  ]0,  ImM  o  [Ca2  +  10,  10mM 


FIGURE  10.  Ca2+  permeability  of  a-BGT-sensitive  nAChR  channels  in  cultured  hippocampal 
neurons.  Top  traces:  Sample  recordings  of  ACh  (1  mM)-activated  type  I A  currents  in  a  cultured 
hippocampal  neuron  held  at  the  following  holding  potentials  (from  top  to  bottom  traces):  +23, 
+3,  -7,  and  -27  mV.  The  compositions  of  the  external  solutions  were  (in  mM):  CSCH3SO3 
100,  CsCl  50,  HEPES  10,  D-glucose  10,  CaCl2 1  (•)  or  10  (O),  and  A-methyl-D-glucamine*HCl 
35  or  20  (pH,  7.3;  osmolarity,  330  mosm).  DH0E  (0.1  pM),  TTX  (0.3  pM),  and  atropine  (1  pM) 
were  also  added  to  the  external  solutions.  The  composition  of  the  internal  solution  was  (in 
mM):  CsCI  60,  CsF  60,  CsOH  38.5,  MgCl2  5,  EGTA  10,  HEPES  10,  ATP  5,  phosphocreatine  20, 
Tris-HCl  52.5,  and  creatine  phosphate  50  U/mL  (pH,  7.3;  osmolarity,  340  mosm).  Notice  that 
upon  increasing  the  concentration  of  extracellular  Ca2+  from  1  to  10  mM,  the  currents  decayed 
faster.  Bottom  graph:  ACh  current-voltage  relationship  obtained  under  the  two  different 
experimental  conditions.  Notice  that  upon  increasing  the  extracellular  Ca2+  concentration,  the 
reversal  potential  of  ACh  current  was  shifted  to  the  right.  ACh  (1  mM)  was  applied  to  the 
neuron  in  a  1-s  pulse  eveiy  30  s. 


application  of  nicotinic  agonists  to  cultured  CNS  neurons  demonstrate  that  the 
a-BGT-sensitive  receptors  are  not  presynaptic,  it  is  not  clear  whether  they  are 
located  synaptically  or  extrasynaptically.  Electron-microscopic  autoradiography  stud¬ 
ies  have  shown  that  a-BGT-binding  sites  can  be  located  in  dendritic  and  somatic 
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membranes  and  that  in  some  cases  the  labeling  is  confined  to  postsynaptic  regions.76 
In  contrast,  in  chick  ciliary  ganglion  neurons,  a-BGT  binding  sites  occur  mostly 
extrasynaptically,  on  the  somatic  membrane.77  The  magnitude  and  the  time  course  of 
the  changes  in  agonist  concentration  in  these  two  circumstances  are  likely  to  be  quite 
different,  and  so  must  be  the  dynamics  of  activation  of  the  a-BGT-sensitive  receptor 
channels. 

The  data  discussed  in  previous  sections  showed  that  a-BGT-sensitive  nAChR 
channels  are  inward-rectifying  cation  channels  highly  permeable  to  Ca2+.  Therefore, 
they  can  simultaneously  depolarize  the  neuronal  membrane  and  produce  Ca2~  influx 
into  the  neuronal  cells.  This  influx,  in  contrast  to  that  mediated  by  voltage-gated 
Ca2+  channels  and  NMDA  channels,  increases  with  hyperpolarization.  The  nAChR- 
mediated  rise  in  intracellular  Ca2+  concentration  can  occur  even  if  the  current 
through  the  channel  is  not  sufficient  to  depolarize  the  neuronal  membrane.  For  a 
given  receptor  density,  the  amplitude  of  that  current  depends  strongly  upon  the  rate 
of  agonist  application,  because  of  the  fast  kinetics  of  receptor  activation /in activa¬ 
tion.  Thus,  for  the  nAChRs  located  in  a  cholinergic  synapse,  where  the  transmitter 
concentration  is  supposed  to  rise  and  fall  sharply,  the  endogenous  response  could  be 
an  excitatory  synaptic  potential,  associated  with  an  intracellular  “Ca2+  spike.”  Al¬ 
ternatively,  if  the  nAChRs  are  extrasynaptic  receptors,  which  the  transmitter  presum¬ 
ably  reaches  in  lower  concentration  after  diffusing  from  a  distant  source,  the  response 
can  be  a  long-lasting  Ca2+  influx,  independent  of  neuronal  excitation.  Considering 
the  two  extremes,  the  receptor  is  capable  of  modulating  both  fast  and  slow  Ca2+- 
dependent  processes,  ranging  from  the  on-switching  of  postsynaptic  Ca2+-calmodulin- 
dependent  protein  kinase  II78  to  the  activation  of  immediate  early  genes.79  Another 
process  dependent  upon  Ca2+  influx  is  the  assembly  of  cytoskeletal  elements,  which 
may  underlie  the  a-BGT-sensitive  nicotinic  effects  on  neurite  outgrowth80  and  on 
retraction  of  growth  cone  phylopodia.81 

The  different  a-BGT-insensitive  nAChRs  studied  to  date  are  also  inward- 
rectifying  cationic  channels,  but  are  less  permeable  to  Ca2+,  desensitize  much  more 
slowly,  and  have  much  higher  affinities  for  ACh  than  the  a-BGT-sensitive  nAChRs. 
Several  lines  of  evidence  have  indicated  the  presence  of  these  neuronal  nAChRs  in 
presynaptic  terminals  of  the  peripheral  and  central  nervous  systems.22  A  population 
of  nAChRs  believed  to  be  composed  of  a  combination  of  a4  and  $2  subunits82  is 
located  in  presynaptic  terminals  of  GABAergic  and  dopaminergic  systems,  and  can 
control  the  release  of  GABA  and  dopamine  into  the  synaptic  cleft.21-23  It  has  been 
proposed  that  related  nAChRs  in  the  rat  interpeduncular  nucleus  are  actually 
located  proximal  to  the  axon  terminal  in  GABAergic  neurons,  thus  being  able  to 
trigger  fast,  tetrodotoxin-sensitive  GABA  release.23  In  autonomic  ganglia,  a-BGT- 
insensitive  nAChRs  mediate  synaptic  transmission.26  However,  in  the  CNS,  the 
physiological  role  of  a-BGT-insensitive  postsynaptic  nAChRs,  which  have  been 
detected  by  whole-cell  current  recording  in  neurons  from  the  rat  hippocampus  (type 
II  and  III  currents)17  and  habenula,9  is  still  unclear. 

More  studies  are  required  to  determine  what  nAChR  subtypes  are  located  at 
spines  on  the  axodendritic  region  of  CNS  neurons,  and  the  role  of  these  receptors  in 
synaptic  transmission.  It  is  likely  that  such  nAChRs  would  be  involved  in  the 
regulation  of  synaptic  transmission  by  modulating  the  release  of  neurotransmitters 
from  the  presynaptic  terminals  and/or  by  controlling  the  activation  of  second 
messenger  systems  at  the  postsynaptic  terminals.  Moreover,  although  acetylcholines¬ 
terase  is  found  in  high  levels  throughout  the  hippocampal  region  of  the  brain  (Fig. 
11),  its  role  in  terminating  nicotinic  responses  induced  by  activation  of  hippocampal 
nAChRs  remains  to  be  determined. 

Another  important  issue  with  respect  to  the  physiological  roles  of  CNS  nAChRs 
in  vivo  is  related  to  the  existence  of  a  newly  described  nAChR  site  through  which 
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nAChR  activity  may  be  modulated.43-54  Although  we  are  still  seeking  an  endogenous 
neuromodulator  that  could  bind  to  this  site,  thereby  controlling  nAChR  activity,  the 
idea  of  the  existence  of  a  neurochemical  network  that  would  allow  for  a  single 
neurotransmitter  or  neurohormone  to  act  in  different  receptors  by  binding  to  specific 
recognition  sites  is  exciting.  Such  a  network  seems  to  exist  with  respect  to  the 


FIGURE  11.  Distribution  of  acetylcholinesterase  in  a  coronal  section  of  the  rat  dorsal 
hippocampus.  A  dense  differential  labeling  of  the  various  hippocampal  regions  is  shown  in  this 
micrograph  of  a  cholinesterase-stained  hippocampal  section.  Paraformaldehyde-fixed  cryostat 
sections  of  rat  hippocampi  were  treated  according  to  a  method  adapted  from  Koelle  and 
Fridenwald.83  Briefly,  the  sections  were  air-dried,  incubated  in  a  solution  containing  ethopro- 
pazine,  glycine,  copper  sulfate,  acetylthiocholine  iodide,  and  sodium  acetate,  and  developed  in 
sodium  sulfide-HCI.  The  labeling  was  intensified  using  a  silver  nitrate  solution.  In  the  dendate 
gyrus,  intensely  labeled  layers  (zones)  of  fibers  can  be  seen  in  the  molecular  layer,  mainly  in  the 
supragranular  sublaminae  of  both  the  supra-  and  infralaminar  blade  of  the  dendate  gyrus, 
followed  by  a  lighter  stained  zone  and  a  dense  region  which  extends  to  the  pial  surface.  Another 
intensely  labeled  zone  lines  the  inner  border  of  the  granular  cell  layer  towards  the  hilus  of  the 
dendate  gyrus,  which  also  displays  an  intense  labeling.  In  the  corpus  amonis  (CA),  differential 
acetylcholinesterase-staining  is  also  observed.  In  the  CA1  region,  the  pyramidal  cell  layer  is 
ensheathed  by  a  broader  zone  that  extends  towards  the  label  stratum  oriens  and  a  smaller  band 
at  the  border  between  the  pyramidal  layer  and  the  stratum  radiatum.  The  latter  and  the  stratum 
lacunosum-moleculare — divided  by  a  darker  zone — are  rather  lightly  stained.  (From  Schroder 
etai,  in  preparation). 


modulation  of  the  NMDA  receptor  by  glycine.57*58  Glycine,  in  addition  to  acting  as  an 
inhibitory  neurotransmitter  by  binding  to  the  agonist  binding  site  of  glycine-gated 
Cl“  channels,  can  also  decrease  the  desensitization  of  NMDA-induced  currents  by 
binding  to  an  allosteric  site  on  the  NMDA  receptor.  Such  a  mode  of  action  would 
make  centrally  acting  co-agonists  interesting  drugs  in  the  treatment  of  diseases  in 
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which  an  enhanced  sensitivity  of  a  neuroreceptor  to  its  natural  transmitter  would  be 
advantageous. 

In  summary,  the  diversity  of  CNS  nAChRs  may  represent  a  means  by  which 
differential  modulation  of  receptor  activity,  desensitization,  down-  or  up-regulation, 
and  cross-talk  with  other  neurotransmitter  systems  can  be  mediated  by  a  single 
neurotransmitter,  ACh.  It  is  possible  that  segregation  of  different  subtypes  of  CNS 
nAChRs  may  occur  not  only  in  different  areas  of  the  brain,  but  even  more  important, 
in  different  regions  of  the  neuronal  surface.  Therefore,  in  order  to  unveil  the 
physiological  functions  of  neuronal  nAChRs  in  the  CNS,  the  next  step  will  be  to 
determine  the  subcellular  localization  of  the  diverse  nAChR  subtypes  in  various 
regions  of  the  brain. 


SUMMARY 

The  diversity  of  neuronal  nicotinic  receptors  (nAChRs)  in  addition  to  their 
possible  involvement  in  such  pathological  conditions  as  Alzheimer’s  disease  have 
directed  our  research  towards  the  characterization  of  these  receptors  in  various 
mammalian  brain  areas.  Our  studies  have  relied  on  electrophysiological,  biochemi¬ 
cal,  and  immunofluorescent  techniques  applied  to  cultured  and  acutely  dissociated 
hippocampal  neurons,  and  have  been  aimed  at  identifying  the  various  subtypes  of 
nAChRs  expressed  in  the  mammalian  central  nervous  system  (CNS),  at  defining  the 
mechanisms  by  which  CNS  nAChR  activity  is  modulated,  and  at  determining  the  ion 
permeability  of  CNS  nAChR  channels.  Our  findings  can  be  summarized  as  follows: 
(1)  hippocampal  neurons  express  at  least  three  subtypes  of  CNS  nAChRs^ — an 
a7-subunit-bearing  nAChR  that  subserves  fast-inactivating,  a-BGT-sensitive  cur¬ 
rents,  which  are  referred  to  as  type  IA,  an  a4(32  nAChR  that  subserves  slowly 
inactivating,  dihydro-|3-erythroidine-sensitive  currents,  which  are  referred  to  as  type 
II,  and  an  ct3|34  nAChR  that  subserves  slowly  inactivating,  mecamylamine-sensitive 
currents,  which  are  referred  to  as  type  III;  (2)  nicotinic  agonists  can  activate  a  single 
type  of  nicotinic  current  in  olfactory  bulb  neurons,  that  is,  type  IA  currents;  (3) 
a7-subunit-bearing  nAChR  channels  in  the  hippocampus  have  a  brief  lifetime,  a  high 
conductance,  and  a  high  Ca2+  permeability;  (4)  the  peak  amplitude  of  type  IA 
currents  tends  to  rundown  with  time,  and  this  rundown  can  be  prevented  by  the 
presence  of  ATP-regenerating  compounds  (particularly  phosphocreatine)  in  the 
internal  solution;  (5)  rectification  of  type  IA  currents  is  dependent  on  the  presence 
of  Mg2+  in  the  internal  solution;  and  (6)  there  is  an  ACh-insensitive  site  on  neuronal 
and  nonneuronal  nAChRs  through  which  the  receptor  channel  can  be  activated. 
These  findings  lay  the  groundwork  for  a  better  understanding  of  the  physiological 
role  of  these  receptors  in  synaptic  transmission  in  the  CNS. 
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Classic  studies  of  the  neuromuscular  junction  and  autonomic  ganglia  have  provided 
us  with  a  clear  picture  of  nicotinic  cholinergic  transmission  in  these  tissues.  Within 
the  central  nervous  system  (CNS),  the  elegant  experiments  of  Curtis,  Eccles,  and 
associates  revealed  that  nicotinic  cholinergic  transmission  occurs  in  the  ventral  horn 
of  the  spinal  cord,  between  motoneurons  and  Renshaw  cells.  However,  as  discussed 
below,  evidence  for  nicotinic  cholinergic  transmission  at  other  sites  in  mammalian 
spinal  cord  and  brain  is  remarkably  fragmentary.  We  may  have  been  too  influenced 
by  earlier  studies,  assuming  too  readily  that  all  nAChRs  are  cholinergic  (activated  by 
physiologically  released  ACh)  as  well  as  being  cholinoceptive. 

The  existence  and  prevalence  of  CNS  nicotinic  cholinergic  transmission  is 
germane  to  several  important  issues.  First,  we  should  be  aware  that  studying  the 
actions  of  nicotine  in  isolation  may  not  tell  us  as  much  as  we  would  like  about  sites  of 
nicotinic  cholinergic  transmission.  Second,  with  increasing  interest  in  the  use  of 
nicotinic  antagonists  to  combat  tobacco  smoking,  it  becomes  important  to  identify 
possible  consequences  of  blocking  endogenous  nicotinic  cholinergic  tone.  Third, 
there  is  a  growing  expectation  that  nicotinic  cholinergic  transmission  may  be 
impaired  in  Alzheimer’s  disease.  This  view  depends  greatly  on  recent  reports  that 
nicotine  can  alleviate  certain  cognitive  deficits  in  afflicted  individuals1-2  and  that  the 
nicotinic  antagonist  mecamylamine  can  impair  cognitive  performance  in  normal 
human  subjects.3  Before  central  cholinergic  systems  can  be  implicated  definitively  in 
these  drug  effects,  it  is  important  to  know  more  about  possible  sites  of  nicotinic 
cholinergic  transmission  and  the  extent  to  which  such  systems  are  tonically  active. 
This  paper  serves  as  a  brief  summary  of  current  knowledge.  Throughout,  the 
abbreviation  “nAChRs”  refers  to  nicotinic  cholinoceptors,  whether  or  not  they  are 
activated  by  endogenous  ACh. 


NEUROANATOMICAL  MAPPING  OF  CHOLINERGIC  SYSTEMS 
AND  NICOTINIC  RECEPTORS 

The  major  cholinergic  cell  groups  have  been  extensively  mapped  at  the  light 
microscopic  level  in  rats,  principally  by  choline  acetyltransferase  immunocytochemis- 
try  combined  with  retrograde  tracing.4  Mapping  in  higher  mammals  has  provided 
much  less  detailed  hodological  information,  but  the  available  evidence  suggests  that 
the  main  cholinergic  pathways  are  conserved  during  evolution,  even  in  humans.5-6 
Light  microscopic  studies  have  revealed  the  location  of  cholinergic  cell  bodies  and 
terminal  fields  (the  latter  shown  by  varicosities),  and  synaptic  formations  have  been 
described  in  a  number  of  regions  examined  by  electron  microscopy. 
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Brain  nicotinic  receptors  have  been  mapped  at  low  resolution  using  autoradiogra¬ 
phy.  Several  radioligands  have  been  used,  revealing  two  prominent  populations.  One 
population  is  preferentially  labeled  with  high  affinity  (nanomolar  kd)  by  tritiated 
agonists  such  as  [3H]nicotine,  [3H]ACh,  and  [3H]cytisine,  whereas  the  other  is 
selectively  labeled  by  the  elapid  snake  toxin  [125]-a-bungarotoxin.7-9  These  two 
receptor  populations  are  quite  differently  distributed  in  brain,  and  can  also  be 
distinguished  by  affinity  isolation,  immunological  characterization,  and  molecular 
genetic  approaches.1011  Two  other  populations  of  putative  nAChR  have  been 
identified,  characterized  by  high  affinity  for  the  antagonists  [3H]dihydro-|3- 
erythroidine12  and  [125I]neuronal  bungarotoxin,13  respectively.  The  latter  population 
appears  to  represent  a  distinct  receptor  subtype,  but  is  present  only  in  low  density,  at 
least  in  rat  brain. 

Much  less  is  known  about  the  ultrastructural  location  of  nAChRs.  The  first 
studies  addressing  this  issue  used  labeled  a-bungarotoxin 14-16  and  provided  evidence 
for  a  (post)synaptic  location.  However,  these  pioneering  studies  should  probably  be 
viewed  with  caution,  particularly  because  statistical  analysis  was  not  performed  that 
might  have  more  clearly  demonstrated  a  preferential  synaptic  location.  Another 
reason  for  caution  is  that  on  mammalian  skeletal  muscle  fibers,  a-bungarotoxin 
binding  sites  are  overwhelmingly  extrasynaptic,  and  at  autonomic  ganglia,  predomi¬ 
nantly  synaptic  or  extrasynaptic  locations  have  both  been  reported,  possibly  depend¬ 
ing  on  the  species  and/or  ganglion  in  question.17-20  Statistical  analysis  of  [125I]-a- 
bungarotoxin  binding  in  an  area  of  rat  hypothalamus  nevertheless  appeared  to  favor 
a  synaptic  location.21 

More  recently,  several  groups  have  raised  antibodies  to  nAChRs  or  related 
peptide  fragments  and  reported  ultrastructural  observations  in  rat  brain.  Schroder 
and  colleagues  have  localized  putative  nAChRs  using  a  monoclonal  antibody  (WF6) 
originally  raised  against  the  Torpedo  electroplaque  electric  organ  nAChR.22  These 
authors  described  a  distribution  of  immunoreactivity  that  was  frequently  postsynap- 
tic  in  rat  cerebral  cortex.  The  receptor  subunit  selectivity  of  this  antibody  has  yet  to 
be  determined.  Another  antibody,  mAb  270,  which  is  known  to  recognize  (32  nAChR 
subunits,  has  provided  low  resolution  film  autoradiographs23  and  light  microscopic 
images24  in  rat  brain.  However,  thus  far  it  has  not  proved  compatible  with  tissue 
preparation  procedures  required  for  electron  microscopic  examination.  Another 
group  has  recently  reported  immunocytochemical  mapping  of  rat  brain  using  poly¬ 
clonal  antibodies  raised  against  fusion  proteins  corresponding  to  the  (32  subunit; 
little  evidence  was  obtained  for  synaptically  located  nAChRs.25  In  contrast,  junction- 
ally  located  immunoreactivity  has  been  reported  in  material  stained  using  mAb  299, 
which  is  selective  for  a4  nAChR  subunits.26 

At  the  light  microscopic  level,  cholinergic  projections  and  nAChRs  are  both 
widely  dispersed  throughout  the  neuroaxis.  The  pervasiveness  of  cholinergic  systems 
has  become  particularly  apparent  with  the  development  of  sensitive  anti-ChAT 
antibodies  and  immunocytochemical  visualization  methods,27  so  that  previous  re¬ 
ports  of  brain  areas  that  possess  nAChRs  but  lack  cholinergic  innervation  must  now 
be  treated  with  caution.28  In  this  respect,  detailed  ultrastructural  information  would 
be  invaluable.  However,  very  little  is  known  at  the  ultrastructural  level  about  the 
location  of  nAChRs  with  respect  to  cholinergic  innervation.  The  early  studies  of 
Hunt,  Arimatsu,  Lentz,  and  their  associates  predated  the  development  of  a  specific 
marker  for  cholinergic  terminals,  and  provide  no  indication  of  the  neurotransmitter 
phenotype(s)  involved.  Double-labeling  studies  in  the  CNS  should  by  now  be 
possible,  but  appear  not  to  have  been  attempted. 

Thus  far,  I  have  accepted  the  common  assumption  that  in  order  to  play  a  role  in 
nicotinic  cholinergic  transmission,  nAChRs  must  be  preferentially  located  at  syn- 
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apses.  However,  even  where  cholinergic  transmission  is  synaptic  in  nature  rather 
than  paracrine,  the  critical  question  is  really  whether  a  sufficient  number  of  nAChRs 
are  present  at  the  synapse  to  mediate  the  actions  of  released  transmitter.  How  much 
is  sufficient?  In  general,  we  do  not  know.  This  issue  takes  on  more  than  academic 
interest  when  it  is  realized  that  some  nAChRs  may  not  be  accurately  located  over  the 
cell  membrane.  Although  the  evidence  on  this  point  is  only  suggestive,  there  are  a 
number  of  neuronal  systems  where  nAChRs  appear  to  exist  both  at  the  somatoden¬ 
dritic  level  and  on  or  near  terminals.  Examples  include  certain  retinofugal  path¬ 
ways,23  mesolimbic  and  nigrostriatal  dopamine  systems,29  a  number  of  thalamocorti¬ 
cal  projections,30  31  and  the  habenulointerpeduncular  pathway.23,32  The  prevalence  of 
this  phenomenon  has  led  certain  authors  to  refer  to  the  possibility  of  “routing 
accidents.”23  In  some  neuronal  systems,  the  receptors  may  indeed  mediate  choliner¬ 
gic  transmission  at  both  levels  of  the  neuron,  but  this  is  far  from  proven.  For  example, 
in  the  neostriatum,  ultrastructural  visualization  has  revealed  few  signs  of  cholinergic 
(or  other)  axoaxonic  contacts.33-35  These  findings  indicate  that  presynaptic  choliner¬ 
gic  modulation  of  dopamine  release  is  unlikely  to  be  important  physiologically, 
unless  it  occurs  at  some  distance  to  ACh  release  sites,  despite  the  existence  of 
presynaptic  nAChRs  in  this  brain  region. 


FUNCTIONAL  STUDIES  RELEVANT  TO  NICOTINIC 
CHOLINERGIC  TRANSMISSION 

Anatomical  receptor  mapping  studies  using  radioligands  and  antibodies  have 
indicated  that  cholinergic  projections  and  nAChRs  are  widely  encountered  in  the 
brain.  However,  little  attempt  has  as  yet  been  made  to  marry  the  two  in  order  to 
assess  the  prevalence  of  nicotinic  cholinergic  transmission.  Similarly,  functional 
studies  have  concentrated  on  the  actions  of  exogenous  nicotine  and  acetylcholine, 
revealing  that  many  neurons  are  sensitive  to  nicotinic  agonists.  However,  few  efforts 
have  been  directed  at  identifying  possible  sites  in  the  CNS  where  endogenous  ACh 
might  be  released  onto  nAChRs.  Indeed,  reasonably  strong  evidence  for  nicotinic 
cholinergic  transmission  in  the  brain  has  been  obtained  only  in  thalamus,  substantia 
nigra  pars  compacta,  and  nucleus  ambiguus.  This  work  is  now  briefly  reviewed. 

Most  thalamic  nuclei  exhibit  high  levels  of  nAChRs  and  related  mRNA,10,36  and 
within  several  thalamic  nuclei,  direct  application  of  nicotinic  agonists  has  been 
shown  to  increase  neuronal  firing  rates.37,38  The  thalamus  receives  a  major  choliner¬ 
gic  input  from  the  pedunculopontine  tegmental  nucleus  and  adjacent  laterodorsal 
tegmental  nucleus  of  the  brain  stem,4  and  electron  microscopic  evidence  also  exists 
for  synaptic  innervation  by  ChAT-positive  terminals.39  Electrical  stimulation  in  the 
vicinity  of  the  pedunculopontine  tegmental  nucleus  has  been  shown  to  excite 
thalamic  relay  neurons  in  the  dorsal  lateral  geniculate  nucleus  with  short  latency, 
and  this  excitation  was  blocked  by  direct  application  of  the  nicotinic  antagonist 
hexamethonium,  providing  evidence  for  nicotinic  cholinergic  transmission.40 

In  the  rat  substantia  nigra  pars  compacta,  dopamine  (DA)  cells  express  nAChRs, 
as  indicated  by  in  situ  hybridization  histochemistry,36  receptor  autoradiography,29 
and  electrophysiological  recording.41  Electron  microscopic  visualization  of  ChAT- 
like  immunoreactivity  indicates  that  the  DA  neurons  receive  a  cholinergic  innerva¬ 
tion,42  and  retrograde  tracing  studies  have  identified  the  ipsilateral  pedunculopon¬ 
tine  tegmental  nucleus  as  a  major  source  of  cholinergic  fibers.43,44  Infusion  of  the 
excitant  kainic  acid  in  the  vicinity  of  this  ACh  cell  body  group  resulted  in  a 
dose-related  and  prompt  excitation  of  identified  nigral  DA  cells.44  This  excitation 
was  shown  to  be  induced  by  ipsilateral  but  not  by  contralateral  kainate  infusion 
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(consistent  with  the  hodological  findings),  and  was  prevented  by  systemic  administra¬ 
tion  of  the  nicotinic  antagonist  mecamylamine.  Although  a  polysynaptic  input  cannot 
be  ruled  out,  it  appears  likely  that  a  direct  cholinergic  link  exists  between  cell  bodies 
in  the  pedunculopontine  tegmental  nucleus  and  the  dopamine  cells  of  the  nigra. 

Recently,  evidence  has  also  been  provided  for  a  nicotinic  cholinergic  input  to 
motoneurons  of  the  rat  nucleus  ambiguus.  This  nucleus  possesses  high  levels  of 
nAChR-related  mRNA  and  protein.23-36  In  anesthetized  rats,  responses  to  local 
administration  of  ACh  and  to  the  nicotinic  agonist  DMPP  were  shown  to  be  blocked 
by  nicotinic  antagonists.45  In  subsequent  intracellular  recordings,  application  of  ACh 
resulted  in  inward  currents.  These  drug  responses  were  most  likely  direct,  because 
they  persisted  in  the  presence  of  tetrodotoxin  and  high  extracellular  manganese 
which  inhibit  sodium-dependent  spikes  and  calcium-dependent  stimulus-secretion 
coupling,  respectively.  Zhang  etal.  subsequently  used  retrograde  tracing  to  identify  a 
probable  cholinergic  input  from  cell  bodies  located  in  the  rostral  medulla,  and  the 
existence  of  nicotinic  cholinergic  transmission  then  received  strong  support  in 
experiments  in  which  electrical  stimulation  combined  with  direct  antagonist  applica¬ 
tion  was  performed  in  vitro.46 


IN  VIVO  REGULATION  OF  CNS  nAChRs  BY  TREATMENT 
WITH  ACETYLCHOLINESTERASE  INHIBITORS 

Another  approach  to  assessing  whether  nAChRs  are  cholinergically  innervated  is 
to  examine  the  effects  of  chronic  in  vivo  administration  of  acetylcholinesterase 
inhibitors  (AChEIs)  on  nAChR  density  in  the  brain.  This  kind  of  pharmacological 
treatment  tends  to  increase  cholinergic  tone,  and  has  been  shown  to  decrease  the 
density  of  brain  muscarinic  receptors.47  In  the  first  such  experiments,  high-affinity 
nicotinic  agonist  binding  sites  were  also  found  to  be  depleted,47-48  suggesting  that  the 
corresponding  nAChRs  were  cholinergically  innervated.  Subsequently,  however, 
chronic  treatment  with  AChEIs  was  found  to  up-regulate  these  sites.49-50  In  another 
study,  [125I]-a-bungarotoxin  binding  sites  were  unaltered  by  chronic  AChEI  treat¬ 
ment  despite  concomitant  decreases  in  [3H]nicotine  binding.51 

The  use  of  AChEIs  for  defining  possible  sites  of  nicotinic  cholinergic  transmis¬ 
sion  suffers  from  a  number  of  problems.  Not  only  are  the  results  discordant,  but 
there  are  additional  interpretational  issues  that  have  only  recently  surfaced.  The  first 
relates  to  possible  neurotoxic  effects  of  esterase  inhibition52  that  could  conceivably 
lead  to  an  irreversible  loss  of  cells  expressing  nAChRs.  In  this  context,  it  should  be 
noted  that  the  reversibility  of  AChEI-induced  nAChR  changes  has  yet  to  be 
examined. 

The  second  issue  relates  to  direct  actions  that  certain  AChEIs  exert  on  CNS 
nAChRs.  Albuquerque  and  colleagues  have  amassed  considerable  evidence  that  in 
rat  brain  the  AChEI  physostigmine  can  produce  activation  via  a  direct  action  on 
nAChRs  which  is  mediated  by  a  site  on  a-subunits  that  is  distinct  from  the  ACh 
binding  domain;53-54  at  higher  concentrations,  an  antagonist  action  was  seen.55  It 
should  be  noted  that  the  receptors  under  study  in  these  experiments  were  of  a 
subtype  in  which  responses  to  classical  nicotinic  agonists  were  blocked  by  a-bunga- 
rotoxin. 

In  our  own  experiments,  we  have  studied  the  effects  of  several  AChEIs  on  a 
nicotinic  response  that  is  mediated  by  receptors  insensitive  to  a-bungarotoxin.  The 
response  in  question  is  [3H]dopamine  release  from  superfused  rat  striatal  synapto- 
somes,  which  can  be  evoked  by  nicotine  and  other  agonists  in  a  concentration-  and 
calcium-dependent  manner.56  Physostigmine,  neostigmine,  tacrine,  and  diisopropyl- 
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fluorophosphate  (DFP)  all  reduced  nicotine-induced  DA  release  in  a  concentration- 
dependent  manner  (Fig.  1),  but  physostigmine  and  tacrine  were  clearly  more  potent 
than  DFP.57  Tests  of  pharmacological  selectivity  involved  comparisons  between 
nicotine  and  other  secretagogues  (other  nicotinic  agonists,  amphetamine,  and  high 
K+)  (Fig.  2).  These  tests  revealed  that  physostigmine  blocked  nicotinic  responses  in 
a  selective  fashion,  indicating  a  probable  action  at  nAChRs.  Tacrine,  in  contrast, 
acted  nonselectively,  and  may  have  exerted  its  actions  entirely  independently  of 
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FIGURE  1.  Effects  of  eserine  (a),  neostigmine  (b),  tacrine  (c),  and  DFP  (d)  on  [3H]dopamine 
release  induced  by  nicotine  from  striatal  synaptosomes.  Synaptosomes  were  superfused  with 
buffer  in  the  presence  or  absence  of  AChE  inhibitor  (0.3-300  |xM)  for  35  min  prior  to  challenge 
with  nicotine  1  p.M  or  buffer.  The  vertical  axis  shows  mean  ±  SE  mean  peak  release  expressed 
as  a  percentage  of  basal  release.  Superfusion  channels  per  condition:  n  =  10-20  (a),  8-11  (b), 
7-10  (c),  7-14  (d).  *p  <  0.05,  **p  <  0.01  vs.  nicotine  alone  (Dunnett’s  test).  (Clarke  et  al.51 
Reproduced,  with  permission,  from  the  British  Journal  of  Pharmacology. ) 


nAChRs.  Antagonism  by  physostigmine  was  not  preceded  by  a  nicotine-like  stimula¬ 
tion,  suggesting  that  it  was  not  the  result  of  agonist-induced  desensitization.  We  also 
considered  the  possibility  that  the  observed  blockade  resulted  from  inhibition  of 
AChE,  which  might  conceivably  have  produced  sufficiently  elevated  ACh  levels  in 
the  perfusate  to  lead  to  nAChR  desensitization.  However,  a  clear  dissociation  was 
found  between  nicotinic  block  and  esterase  inhibition,  supporting  the  conclusion 
that  physostigmine  directly  blocks  the  nAChRs  under  study.  The  same  concentra- 
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tions  of  physostigmine  that  produced  nicotinic  antagonism  are  commonly  used  in 
vitro  in  order  to  inhibit  AChE;  whether  in  vivo  physostigmine  treatment  would 
significantly  affect  nAChR  function  is  not  clear. 

The  third  issue  that  complicates  the  interpretation  of  nAChR  regulation  experi¬ 
ments  relates  to  uncertainties  concerning  the  mechanisms  by  which  receptor  changes 


FIGURE  2.  Pharmacological  selectivity  of  blockade  by  eserine  or  tacrine.  In  all  assays, 
synaptosomes  were  superfused  for  35  min  with  or  without  AChE  inhibitor  ( cross-hatched  and 
open  bars,  respectively),  prior  to  acute  challenge  with  [3H]dopamine  secretagogue.  (a)  Chal¬ 
lenge  with  nicotine  1  pM,  cytisine  10  |xM,  DMPP  10  |xM  or  buffer  alone,  with  or  without  eserine 
(30°|xM).  (b)  Challenge  with  nicotine  1  |xM,  K+  12  mM,  (+)-amphetamine  0.3  gM  or  buffer 
alone,  with  or  without  eserine  30  p.M.  (c)  As  for  (b),  except  eserine  300  p-M  was  used,  (d)  As  for 
(b),  except  tacrine  3  p.M  was  used.  The  vertical  axis  shows  mean  ±  SE  mean  peak  release 
expressed  as  a  percentage  of  basal  release.  Superfusion  channels  per  condition:  n  —  8—12  (a), 
13-17  (b),  5-8  (c),  6-13  (d).  *p  <  0.05,  **p  <  0.01  vs.  AChEI-free  condition  at  same  agonist 
concentration  (Student’s  t  test  with  Bonferroni  adjustment).  (Clarke  et  al51  Reproduced,  with 
permission,  from  the  British  Journal  of  Pharmacology.) 

are  triggered.  Paradoxically,  chronic  in  vivo  treatment  with  nicotine  or  other  centrally 
acting  agonists  typically  up-regulates  high-affinity  [’H] agonist  binding  site  density.38  It 
has  been  suggested  that  this  occurs  because  in  the  doses  administered,  nicotine  may 
act  as  a  “time  averaged”  antagonist.59  60  However,  this  plausible  notion  seems  to  be 
put  in  some  doubt  by  our  recent  observations  that  treatment  with  the  quasi- 
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irreversible  CNS  nicotinic  antagonist  chlorisondamine  did  not  significantly  alter 
[3H]nicotine  binding  site  density,  and  did  not  prevent  the  up-regulation  resulting 
from  chronic  nicotine  treatment,  despite  demonstrated  CNS  nicotinic  blockade.61 


CONSEQUENCES  OF  CNS  NICOTINIC  BLOCK 

If  nicotinic  cholinergic  transmission  is  important  to  CNS  functioning,  the  conse¬ 
quences  of  CNS  nAChR  blockade  should  be  serious.  Many  studies  have  examined 
the  effects  of  centrally  active  nicotinic  antagonists  on  neurochemical  and  behavioral 
effects  in  animals,  but  the  interpretation  of  these  studies  is  complicated  by  several 
issues.  First,  almost  all  investigators  have  relied  on  the  antagonist  mecamylamine.  It 
is  not  clear  how  selective  this  drug  is  for  nAChRs  over  NMDA-type  glutamate 
receptors.62  In  addition,  because  mecamylamine  has  been  found  to  act  in  an 
insurmountable  fashion  in  the  CNS,62  doses  of  this  drug  that  completely  block  the 
effects  of  administered  nicotine  should  also  be  sufficient  to  block  the  actions  of 
endogenous  ACh.  However,  where  mecamylamine  has  been  found  to  be  active  in 
behavioral  tests,  this  has  often  only  occurred  at  high  doses. 

A  second  problem  lies  in  the  frequent  use  of  hexamethonium  as  a  control  for  the 
peripheral  effects  of  mecamylamine.  Although  both  nicotinic  antagonists  are  gan¬ 
glion  blockers,  there  appears  to  be  little  information  available  on  relative  potency 
and  duration  of  action  in  the  rat.  Thus,  the  commonly  performed  comparison  of 
mecamylamine  1  mg/ kg  s.c.  versus  hexamethonium  5  mg/kg  s.c.  is  based  more  upon 
tradition  than  on  hard  data. 

The  possible  existence  of  nicotinic  autoreceptors  poses  further  problems  of 
interpretation.  Thus,  in  certain  isolated  tissues,  ACh  release  is  enhanced  by  a  direct 
action  of  nicotinic  agonists.63’64  It  is  conceivable,  therefore,  that  nicotinic  antagonists, 
by  blocking  autoreceptors,  may  inhibit  cholinergic  transmission  in  vivo  at  any 
synapses  where  postsynaptic  cholinoceptors  are  muscarinic  rather  than  nicotinic. 

Although  most  investigators  have  used  mecamylamine  as  the  nicotinic  antagonist 
of  choice,  the  bisquaternary  compound  chlorisondamine  provides  an  alternative 
method  with  which  to  investigate  the  effects  of  central  nAChR  blockade.  Central 
blockade  can  be  achieved  by  administering  chlorisondamine  either  in  a  high  subcuta¬ 
neous  dose  or  in  a  much  lower  dose  given  intracerebroventricularly.65  In  contrast  to 
the  persistent  central  block,  which  lasts  for  many  weeks  after  a  single  administration, 
ganglionic  blockade  is  only  transient.62  Where  studied,  chlorisondamine  has  been 
found  to  antagonize  the  effects  of  nicotine  in  an  insurmountable  fashion.56-66  Thus 
far,  it  does  not  appear  that  the  chronic  nicotinic  blockade  that  follows  chlorison¬ 
damine  administration  results  in  any  major  functional  impairment.65’67  68  This  might 
imply  that  nicotinic  cholinergic  transmission  in  the  CNS  is  not  critical  to  important 
psychobiological  processes,  but  may  also  reflect  the  capacity  of  the  nervous  system  to 
adapt. 


CONCLUSION 

Studying  the  actions  of  nicotine  should  in  principle  tell  us  something  about 
cholinergic  neurotransmission  in  the  brain.  However,  the  relationship  appears  to  be 
complicated,  and  it  is  not  at  all  clear  how  many  CNS  nAChRs  are  really  innervated 
by  ACh.  Although  cholinergic  fibers  and  nAChRs  have  been  mapped  in  some  detail, 
few  attempts  have  been  made  to  demonstrate  transmission.  Indeed,  some  observa- 
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tions  suggest  that  nAChR  localization  may  not  be  precisely  controlled.  Another  way 
to  identify  possible  sites  of  cholinergic  transmission  is  to  examine  the  in  vivo 
regulation  of  nAChRs  by  cholinesterase  inhibitors.  However,  recent  evidence  sug¬ 
gests  that  functional  status  may  not  be  an  important  factor  in  the  regulation  of  CNS 
nAChRs. 
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Since  Langley1  first  reported  the  existence  of  a  “receptive  substance”  for  nicotine  in 
skeletal  muscle  that  could  mediate  the  effects  of  nicotine,  evidence  was  obtained  that 
acetylcholine  receptors  (AChRs)  could  be  involved  in  synaptic  transmission  in  many 
parts  of  the  central  nervous  system  (CNS),  and  also  could  be  responsible  for  signal 
transmission  through  autonomic  ganglia.  Langley1  wrote,  The  stimuli  passing  the 
nerve  can  only  affect  the  contractile  molecule  by  the  radical  which  combines  with 
nicotine  and  curare.  And  this  seems  in  its  turn  to  require  that  the  nervous  impulse 
should  not  pass  from  nerve  to  muscle  by  an  electrical  discharge,  but  by  the  secretion 
of  a  special  substance  at  the  end  of  the  nerve.”  In  the  paper  in  which  he  discussed  the 
data  obtained  in  striated  muscle,  he  was  talking  about  a  “contractile  molecule  and 
“radical”  that  combines  with  nicotine  and  curare;  he  rejected  electrical  transmission 
and  suggested  chemical  transmission  by  a  c  special  substance  secreted  from  the 
nerve  terminals.  He  was  a  visionary.1-2  Since  then  enormous  progress  has  been  made, 
and  the  endogenous  special  substance  was  identified  as  acetylcholine  (ACh),  and  its 
receptors  were  shown  to  be  located  post-  and  presynaptically.  Sir  Henry  Dale"*  was 
the  first  to  suggest  in  a  paper  published  in  1914  that  ACh  exerts  its  action  via  two 
different  receptors,  via  muscarinic  and  nicotinic  receptors.  At  first  it  was  believed 
that  the  nicotinic  action  of  ACh  is  limited  to  the  neuromuscular  junction  and  that  its 
muscarinic  action  is  manifested  only  at  intestinal  parasympathetic  effector  sites. 
Later  it  became  evident  that  ACh  also  stimulates  preganglionic  nicotinic  receptors  of 
the  autonomic  nervous  system,  presynaptic  nicotinic  AChRs  (nAChRs)  located  on 
the  motor  nerve  terminal,  cholinergic  receptors  located  on  axon  terminals  in  the 
CNS  and  the  autonomic  nervous  system,  and  cholinergic  effector  cells  in  various 
organs  (e.g.,  head,  intestines).  ACh,  like  a  master  key,  fits  and  stimulates  all  such 
muscarinic  and  nicotinic  receptors.  Therefore,  the  effect  of  ACh  released  from 
cholinergic  axon  terminals  depends  on  the  localization  of  these  ACh-sensitive 
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receptors.  It  was  recently  shown  that  nicotinic  receptors  on  neurons  represent  a 
family  of  receptors  distinct  from  the  well-characterized  AChRs  of  skeletal  muscle.3-4 
This  area  of  research  has  received  significant  attention  because  of  studies  with 
receptor-ligand  binding  and  molecular  biological  cloning  techniques  showing  that 
there  are  subtypes  of  nAChRs:  receptors  located  on  the  muscle  are  different  from 
those  present  in  the  brain.  The  disadvantage  of  the  receptor  binding  technique  is  that 
it  cannot  be  used  for  precise  localization  of  the  receptors  because  the  ligands  used 
are  not  selective.  It  does  give  an  overall  characterization  of  nicotinic  receptors  of 
different  morphological  localization;  however,  neither  of  these  two  methods  could 
differentiate  between  the  receptors  in  their  different  neuronal  localization.  Neverthe¬ 
less,  functional  diversity  of  neuronal  nAChRs  was  shown.5 

AChR  has  become  one  of  the  best -characterized  ligand-gated  ion  channels  with 
respect  of  structure,  kinetics,  pharmacology,  and  molecular  composition.  Nicotinic 
receptors  have  been  postulated  to  be  involved  mostly  in  postsynaptic  signaling 
responses.  At  present  we  know  much  more  about  the  binding  properties  and 


table  1.  Neurochemical  Evidence  That  Stimulation  of  nAChRs  Results  in 
Transmitter  Release  in  the  Central  Nervous  System 


Transmitter 

nAChR  Agonist 

Brain  Region 

Reference 

NE 

DMPP 

Human  neuroblastoma 

63 

Nic 

Hippocampus 

8 

DA 

Nic 

Striatal  synaptosome 

11,  12 

Nic 

Nucleus  accumbens 

64 

Nic 

Mouse  striatal  slice 

16, 17 

Nic 

Rat  striatal  slice 

65 

Nic 

Rat  striatum 

13,  66 

ACh 

Nic 

Cerebral  synaptosome 

7 

MCC 

Rat  brain 

67 

MCC 

Cerebellar  synaptosome 

33,  68 

Nic 

Cerebral  cortex  slice 

69 

GABA 

Nic 

Hippocampal  synaptosome 

70 

Nic 

Cerebral  cortex  slice 

69 

Abbreviations: 

NE,  norepinephrine; 

DMPP,  dimethylphenyl  piperazinium 

iodide;  Nic, 

nicotinic;  DA,  dopamine;  ACh,  acetylcholine;  MCC,  methylcarbamylcholine;  GABA,  7-amino- 
butyric  acid. 


structure  of  neuronal  nAChRs  than  other  aspects.  However,  a  full  understanding  of 
the  process  of  chemical  neurotransmission  in  both  the  peripheral  and  central 
nervous  system  must  take  into  account  the  role  of  modulatory  presynaptic/ 
prejunctional  nicotinic  receptors.  Neurochemical  evidence  has  been  provided  that 
stimulation  of  nAChRs  located  on  the  axon  terminals  results  in  release  of  different 
transmitters.  In  the  CNS  it  was  found  (Table  1)  that  nAChR  stimulation  enhances 
the  release  of  ACh  from  the  cortex6-7  and  that  of  norepinephrine  (NE)8  and 
serotonin9  from  the  hippocampus,  and  that  it  increases  the  resting  release  of 
dopamine  (DA)  from  both  striatal  synaptosomal10-12  and  slice  preparations.13-17  In 
the  peripheral  nervous  system,  nicotinic  receptor  stimulation  facilitates  the  electrical 
stimulation-evoked  release  of  ACh  from  the  phrenic  nerve  terminals  in  the  dia¬ 
phragm18  and  the  release  of  NE  from  the  pulmonary  artery19  and  vas  deferens.20 
Several  subtypes  of  nAChRs  have  been  distinguished  by  pharmacological  meth¬ 
ods4-20-24  and  molecular  biological  techniques.25-27 
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In  this  report,  we  describe  studies  of  the  effects  of  different  nAChR  agonists  on 
the  release  of  different  transmitters  and  the  modulatory  role  of  presynaptic  nicotinic 
receptors  in  chemical  signal  transmission.  In  addition,  using  different  nAChR 
agonists  and  antagonists  we  attempted  to  characterize  the  presynaptic  nAChRs 
located  on  the  noradrenergic  axon  terminals  in  the  hippocampus  and  vas  deferens 
and  the  somatodendritic  nAChRs  located  on  the  myenteric  plexus.  The  advantage  of 
release  studies  is  that  one  can  be  certain  where  the  transmitter  comes  from,  and  thus 
can  locate  the  site  of  action  of  different  nAChR  agonists  and  antagonists,  making  the 
characterization  of  the  receptors  rather  specific. 


RESULTS  AND  DISCUSSION 
Functional  Role  of  Presynaptic  nAChRs  in  Chemical  Transmission 

The  functional  role  of  nicotinic  postsynaptic/postjunctional  cholinoceptors  in 
chemical  neurotransmission  is  clearly  established:  in  fact,  these  are  the  most 
thoroughly  studied  of  all  receptors.  However,  to  understand  the  effect  of  stimulation 
by  ACh,  the  endogenous  ligand  of  nAChRs,  on  the  process  of  chemical  neurotrans¬ 
mission  and  the  mechanism  of  action  of  nicotine  in  both  the  peripheral  and  central 
nervous  system,  one  must  take  into  account  its  effects  on  modulatory  presynaptic/ 
prejunctional  nicotinic  receptors,  which  are  located  on  different  axon  terminals 
containing  transmitters.  Several  subtypes  of  nAChRs  have  been  distinguished  by 
ligand  binding  studies,  (cf.  refs.  23  and  28)  protein  chemistry,29  and  molecular 
biological  techniques  (cf.  refs.  3  and  25).  The  disadvantage  of  these  techniques  is  that 
the  ligands  used  until  now  lacked  sufficient  selectivity  and  could  not  be  used  for 
precise  anatomical  localization  of  the  nAChRs,  in  particular,  to  distinguish  between 
pre-  and  postsynaptic  sites  and  the  types  of  neurons  on  which  these  sites  are 
localized.  Because  in  situ  hybridization  studies  suggest  that  more  than  one  variant  of 
a  and  (3  subunit  combinations  exist  in  the  CNS,  the  study  of  a  broad  concentration 
range  of  different  agonists  and  antagonists  for  their  ability  to  release  NE  and  inhibit 
NE  release,  respectively,  from  the  hippocampus  enabled  us  to  classify  the  subtype  of 
presynaptic  nAChRs. 


Presynaptic  nAChRs 

We  examined  NE  release  in  the  hippocampus.  Several  studies  provided  evidence 
that  a  high  concentration  of  (  — )nicotine  (>100  (iM)  stimulates  transmitter  release 
in  a  [Ca2+]0-independent  manner  and  that  the  release  cannot  be  blocked  by  classical 
nAChR  antagonists.30-31  Many  other  studies,  in  contrast,  have  shown  that  (- Nico¬ 
tine  is  able  to  release  transmitter  in  a  [Ca2+]0-dependent  manner.12-20-31-34  It  has  been 
reported23  that  at  least  three  different  subtypes  of  nAChR  may  exist  in  the  hippocam¬ 
pus,  possibly  with  unique  functional  characteristics.  Although  the  a7  subunit  appears 
to  be  the  predominant  subtype  on  the  basis  of  in  situ  hybridization  studies  in  the 
hippocampus35  and  electrophysiological  responses,36  a2-5  and  |32  subunits  have  also 
been  demonstrated.  To  classify  the  subtype  of  nAChR  involved  in  the  [Ca2+]0- 
dependent  release  of  NE  from  the  hippocampus,  the  effect  of  different  nAChR 
agonists  and  antagonists  was  studied. 

After  the  tissues  had  been  loaded  with  [3H]NE,  the  spontaneous  and  stimulation- 
evoked  release  of  [3H]  NE  was  measured  (Fig.  1),  and  the  effect  of  different  agonists 
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and  antagonists  on  resting  and  stimulation-evoked  release  was  studied.  The  release 
of  [3H]NE  at  rest  is  [Ca2+)0-independent  and  is  not  subject  to  presynaptic  modula¬ 
tion.  In  contrast,  the  release  from  noradrenergic  axon  terminals  in  the  hippocampus 
in  response  to  field  stimulation  is  tetrodotoxin  (TTX)-sensitive  and  [Ca2+]0- 
dependent,  and  is  subject  to  modulation  via  presynaptic  receptors  (e.g.,  0*2- 


Fractional 
Release  % 


FRS2  /  FRS,  =  1.03  ±  0.03 


Fractional 
Release  % 


FIGURE  1.  Release  of  [3H]norepinephrine  at  rest  and  in  response  to  field  stimulation  (2  Hz, 
360  shocks,  1-ms  impulse  duration,  supramaximal  stimulation)  and  to  DMPP  administration. 
Rat  hippocampal  slice  preparation.  The  release  was  expressed  as  percentage  of  radioactivity 
(fractional  release)  in  the  tissue  at  the  time  the  sample  was  collected.  Microvolume  perfusion 
system.  Means  ±  SE  of  the  mean.  Krebs  solution  was  used  and  the  temperature  was  37  °C. 
DMPP,  dimethylphenyl  piperazinium  iodide. 


adrenoceptors).  With  the  tissue  loaded  with  [3H]NE,  the  fractional  release  of 
radioactivity  at  rest,  which  is  independent  of  [Ca2+]0,  was  0.70  ±  0.02,  0.54  ±  0.01, 
and  0.55  ±  0.02%  of  the  total  radioactivity  content  measured  in  the  CA1,  CA3,  and 
dentate  gyrus  subregions  of  the  hippocampus,  respectively  (n  ~  3).  DMPP  (1-100 
jxM)  enhanced  the  release  of  NE  (Table  2)  in  a  concentration-dependent  manner. 
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table  2.  Norepinephrine  Releasing  Effect  of  Dimethylphenyl  Piperazinium  Iodide 
(DMPP)  in  Isolated  CA1,  CA3,  and  Dentate  Gyrus  Subregion  of  Hippocampus 


Fractional  Release  at  Rest2/Fractional  Release  at  Rest] 

CAl 

CA3 

DG 

Hippocampus 
(CAl  +  CA3  +  DG) 

DMPP 

1  txM 

3  fiM 

10  |xM 

20  q.M 

50  |xM 

100  jiM 

Control 

0.91  (l)a 

1.26  ±  0.07*  (3) 
1.67  ±  0.12*  (5) 
1.66  ±  0.12*  (10) 
1.66  ±  0.09*  (4) 
1.66  ±  0.14*  (3) 
0.94  ±0.04  (5) 

0.91  (1) 

1.02  ±0.07  (3) 
1.30  ±  0.09*  (5) 
1.60  ±  0.15*  (8) 

1.58  ±  0.09*  (4) 

1.59  ±  0.09*  (4) 
0.90  ±0.02  (5) 

1.12(1) 

1.42  ±0.13*  (3) 
1.73  ±  0.12*  (5) 
2.02  ±0.14*  (8) 
2.11  ±  0.26*  (4) 
2.33  ±  0.31*  (3) 
0.92  ±  0.04  (6) 

1.14  ±  0.03*  (4) 

1.85  ±  0.04*  (4) 

2.23  ±  0.09*  (4) 

4.41  ±  0.10*  (4) 

0.91  ±  0.02  (4) 

Note:  Male  Wistar  rats,  weighing  150-160  g,  were  killed  by  a  blow  to  the  head  under  light 
ether  anesthesia.  The  brain  was  quickly  removed  and  the  hippocampus  dissected  on  ice  and 
sliced  into  0.4  mm  thick  coronal  sections  with  a  Mcllwain  chopper.  Slices  were  dissected  into 
tissue  parts  containing  mainly  CA1,  CA3,  and  dentate  gyrus.  The  tissues  were  incubated  at 
37  °C  for  40  min  in  Krebs  solution  (in  mM:  NaCl,  113;  KC1,  4.7;  CaCl2,  2.5;  KH2PO4,  1.2; 
Mg2S04,  1.2;  NaHC03  ,  25.0;  and  glucose,  11.5)  containing  l-[7,8-3H]norepinephrine  (490 
KBq/mL,  555  GBq/mmol  spec,  act.,  Amersham).  Krebs  solution  contained  ascorbic  acid 
(3  x  10~3  M),  Na2EDTA  (10-4  M).  Release  of  tritium  was  expressed  in  Bq/g  and  as  percentage 
of  the  radioactivity  (fractional  release,  FR)  in  the  tissue  at  the  time  the  sample  was  collected. 
DMPP  was  added  to  the  Krebs  solution  in  the  8th  fraction  and  kept  throughout  the 
experiments.  FRR2/FRRj  was  calculated. 
flNumber  of  experiments  is  in  parentheses. 

^Significance  at  the  level  of p  <  0.05.  Mean  ±  SEM. 


No  significant  difference  was  found  in  the  effect  of  DMPP  in  the  three  subregions  of 
the  hippocampus.  In  addition  various  nAChR  agonists  were  tested  for  their  ability  to 
release  NE  from  hippocampal  slice  preparations.  (+)Anatoxin-a  is  an  important 
probe  for  characterizing  nAChRs37  and  has  much  greater  affinity  for  high-affinity 
(-)nicotine  sites  (Kj  =  0.34-3.5  nM)34  than  for  muscarinic  binding  sites.  It  inhibits 
muscle  twitch  in  rat38  and  at  1  p,M  concentration  blocks  the  indirect  twitch  of  the  frog 
sciatic  nerve-sartorius  preparation  in  a  short  time.39  This  effect  is  associated  with  its 
AChR  ion  channel-blocking  action  exerted  at  higher  concentration.40  At  nanomolar 
concentrations  it  is  a  selective  agonist.41  In  our  experiments  it  was  also  effective  in 
releasing  NE  from  hippocampal  slices.  The  rank  order  of  potency  of  the  nAChR 
agonist  for  releasing  NE  from  the  hippocampal  slice  preparation  was  (-i-)anatoxin-a 
>  DMPP  >  (-)nicotine  »  cytisine,  with  the  equipotent  (ED2o  of  DMPP)  values 
1.2,  2.3, 10.2,  and  22.0  pM,  respectively.  DMPP,  unlike  other  agonists,  enhanced  the 
stimulation-evoked  release,  but  in  contrast,  this  effect  was  not  antagonizable  with 
nAChR  antagonists.  To  rule  out  the  possibility  that  the  effect  of  nAChR  agonists  is 
indirect,  mediated  through  glutamic  acid  release,40  experiments  were  performed  in 
the  presence  of  MK-801  (3  |xM).  Under  these  conditions  DMPP  enhanced  the 
release  of  NE  to  the  same  extent.  Thus,  it  is  unlikely  that  glutamic  acid  released  by 
nAChR  stimulation  is  responsible  for  the  release  of  NE. 

Various  nAChR  antagonists  were  tested  for  their  ability  to  prevent  the  release  of 
NE  induced  by  20  pJM  DMPP,  a  concentration  of  DMPP  that  gives  near  half- 
maximal  release  (see  Table  2).  Mecamylamine  and  other  antagonists  [(+)tubocura- 
rine  and  hexamethonium]  prevented  the  increase  by  DMPP  of  NE  release.  a-Bunga- 
rotoxin  (aBGT),  a  potent  nAChR  blocker  at  the  neuromuscular  junction,  applied  at 
a  concentration  of  3  p,M  for  10  min,  and  dihydro-(3-erythroidine  (DH(3E)  (10  p.M) 
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did  not  affect  the  response  to  DMPP  (Table  3).  The  rank  order  of  potency  was 
mecamylamine  >  (H-)tubocurarine  >  hexamethonium  >  aBGT  =  DHpE. 


[Ca2+]0-Dependence  of  nAChR-mediated  Release  of  Norepinephrine 

When  [Ca2+]0  was  omitted  and  EGTA  (1  mM)  added  to  the  Krebs  solution, 
DMPP  (20  |jlM)  had  no  effect  on  [3H]NE  release  from  the  CA1  region:  FRR2/FRR1 
=  0.97  ±  0.11  (n  =  4)  measured  in  the  presence  of  DMPP  was  not  different  from 
control  (0.94  ±  0.04,/?  >  0.1).  The  nAChR  is  a  ligand-operated  ion  channel  whose 
activation  results  in  membrane  depolarization  and  Ca2+  influx  and  subsequent 
release  of  different  transmitters.  It  has  been  suggested  that  Ca2+  influx  through 
nAChRs  accounts  for  some  effects  of  nAChR  agonists  in  the  nervous  system3342-43 
and  that  this  is  a  distinctive  property  of  neuronal  receptors  in  contrast  to  muscle 
nicotinic  receptors.43  The  findings  that  the  effect  of  DMPP  was  [Ca2+]0-dependent, 
that  Cd2+  (100  jjlM)  partly  prevented  the  effect  of  DMPP  (data  not  shown),  and  that 
nifedipine,  even  at  a  high  concentration,  had  no  effect  indicate  that  the  stimulation 
of  nAChRs  opens  N-type  Ca2+  channels. 

Atropine,  a  muscarinic  antagonist  (1  |xM)  that  totally  blocks  muscarinic  re¬ 
sponses  in  other  systems,  and  oxotremorine  (1  p.M),  a  muscarinic  agonist,  were 
without  effect  on  the  release  of  NE.44  This  makes  the  noradrenergic  pathway 
different  from  others,  where  noradrenergic  axon  terminals  express  inhibitory  musca¬ 
rinic  receptors.  The  presence  of  nAChRs  means  that  a  possibility  exists  for  excitatory 
input  by  cholinergic  neurons. 

The  release  of  [3H]NE  from  rat  vas  deferens20  was  also  measured.  nAChR 
agonists  released  NE  with  the  following  rank  order  of  potency:  (+)anatoxin-a  > 
DMPP  >  (-)nicotine  >  cytisine;  ED2o  =  0.8  >  5.1  >  10.2  >  52.3  p-M  (ED2o 
indicates  that  the  release  was  enhanced  by  20%). 


table  3.  Apparent  Dissociation  Constants  (IQ)  of  Different  nAChR  Antagonists 
at  Presynaptic  nAChRs  of  Noradrenergic  Axon  Terminals  in  the  Hippocampus 
of  the  Rat 


Antagonist 

Dissociation  Constant 
(m-M) 

Mecamylamine 

1.05  ±  0.05  (6) 

(-b)Tubocurarine 

17.65  ±  1.40(5) 

Hexamethonium 

35.20  ±  2.15  (4) 

Pancuronium 

21.21  ±  2.00(5) 

a-Bungarotoxin 

»30  (5) 

Dihydro-(3-erythroidine 

»  30  (3) 

Note:  In  hippocampal  slice  preparations  the  apparent  equilibrium  dissociation  constant  (IQ) 
for  nAChR  antagonists  was  determined  by  the  dose-ratio  method.  DMPP  was  used  as  agonist. 
The  following  equation  was  used  to  relate  the  dissociation  constant  (IQ)  to  the  dose-ratio  and 
the  antagonist  concentration  IQ  =  a/DR-1,  where  DR  is  the  concentration-ratio,  i.e.,  the  EC50 
value  for  agonist  in  the  presence  of  the  antagonist  divided  by  the  ED50  value  in  the  absence  of 
antagonist  and  a  is  the  concentration  of  antagonist.  EC50  indicates  the  concentration  of  agonist 
needed  to  produce  a  50%  increase  of  R2/Ri  value.  Three  to  six  different  concentrations  of 
agonists  were  used  to  establish  a  concentration-response  curve.  Mean  ±  SEM.  Number  of 
experiments  is  in  parentheses. 
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Modulation  by  arAdrenoceptors  of  nAChR-mediated  Release  of  Norepinephrine 

It  is  known  that  the  action  potential-evoked  release  of  NE  is  subject  to  ot2- 
adrenoceptor-mediated  inhibition;  therefore,  the  question  arises  whether  the  nAChR- 
mediated  release,  which  is  [Ca2+]c-dependent,  but  not  associated  with  axonal  firing, 
can  be  modulated.  Neurochemical  evidence  was  obtained  that  xylazine,  an  a2- 
adrenoceptor  agonist,  prevented  DMPP  from  releasing  NE.  7,8(Methylenedioxy)-14a- 
hydroxyalloberbane  (CH-38083),  a  selective  a2-adrenoceptor  antagonist,45  antago¬ 
nized  the  effect  of  xylazine,  indicating  that  this  action  was  mediated  via  a2- 
adrenoceptors  (Table  4).  The  effect  of  a2-adrenoceptor  stimulation  might  have  been 
mediated  by  decrease  of  presynaptic  Ca2+  channels46  and/or  by  increase  of  K+ 
conductance  of  the  presynaptic  axon  terminal.  Evidence  has  been  obtained  that  the 


table  4.  Inhibition  by  a2-Adrenoceptor  Stimulation  of  [3H]Norepinephrine  Release 
Induced  by  DMPP  in  Rat  Hippocampal  Slices _ 


Treatment 

FRR2/FRRi 

Significance 

P 

1.  Control 

2.  Xylazine,  3  pM 

3.  CH-38083, 1  pM 

4.  DMPP,  20  pM 

0.95  ±  0.03 

0.98  ±  0.10 

0.94  ±  0.06 

2.23  ±  0.09 

4:1  <  0.001 

5:1  >  0.05 

5.  Xylazine,  3  pM  +  DMPP,  20  pM 

6.  CH-38083, 1  |xM  +  DMPP,  20  pM 

1.19  ±  0.06 

2.21  ±  0.17 

6:1  <  0.001 

6:4  >  0.05 

6:5  <  0.01 

7.  CH-38083, 1  pM  +  xylazine,  3  pM 
+  DMPP,  20  pM 

1.92  ±  0.20 

7:1  <  0.001 

7:4  >  0.05 

7:5  <  0.01 

7:6  >  0.05 

Note:  CH-38083,  7,8(methylendioxy)-14a-hydroxyalloberbane,  a  selective  ot2-adrenoceptor 
antagonist,45  was  added  to  the  perfusion  fluid  6  min  prior  to  administration  of  xylazine,  an 
co-adrenoceptor  agonist.  Fractional  release  at  rest,  FRRi,  was  estimated  at  the  third  and  fourth 
fractions,  and  FRR2  at  the  tenth  and  eleventh  fractions.  Drugs  were  added  between  the  two,  10 
min  prior  to  R2  and  kept  throughout  the  experiment.  Krebs  solution,  37  °C.  Significance, 
one-way  analysis  of  variance  followed  by  a  Tukey-Kramer  multiple  comparisons  test.  DMPP, 
dimethylphenyl  piperazinium  iodide. 


stimulation  of  a2-adrenoceptors  reduces  the  activity  of  N-type  Ca_+  channels,46  the 
dominant  calcium  entry  pathway  triggering  sympathetic  transmitter  release.47  It  is 
conceivable  that  the  effect  of  nAChR  is  mediated  via  stimulation  of  N-type  Ca2+ 
channel  located  on  axon  terminals. 

In  contrast  to  the  nAChR  located  on  the  striated  muscle,  which  is  assembled 
from  four  different  subunits  arranged  as  the  pentamer  a2f3-y&,  several  findings 
suggest  that  the  neuronal  receptor  is  composed  of  a  and  (3  subunits  only.29 

The  finding  that  the  rank  order  of  antagonists  was  mecamylamine  >  (+)tubocu- 
rarine  >  hexamethonium  and  aBGT  or  DHpE  were  completely  ineffective  indicates 
that  the  presynaptic  nAChRs  involved  in  NE  release  do  not  contain  the  a7  subunit, 
one  of  the  predominant  subtypes  of  nAChRs  in  the  hippocampus  and  one  involved  in 
long-term  potentiation.36  Binding  studies  suggest  that  cytisine  is  a  more  potent 


Rank  Order  of  Potency  of  Different  nAChR  Agonists  and  Antagonists  and  the  Possible  Subunit  Composition  of  nAChRs 

Rank  Order  of  Potency  of 
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Abbreviation:  NE,  norepinephrine;  DA,  dopamine;  ACh,  acetylcholine;  (+)ATX-a,  (+)anatoxin-a;  DMPP,  l,l-dimethyl-4-phenylpiperazinium 
iodide;  (-)Nic,  (-)Nicotine;  Anab,  (±)Anabasine;  Lob,  (-)lobeline  HC1;  Hex,  hexamethonium  HBr;  dTC,  (+)tubocurarine;  a-BGT,  a-bungarotoxin; 
Mec,  mecamylamine;  DHpE,  dihydro-p-erythroidine,  Cyt,  cytisine;  Pane,  pancuronium;  Neosurtx,  neosurugatoxin. 
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« —  (+)-Anatoxin-A 
■©—  DMPP 


— * —  (-)-Nicotine 
-  V-  -  Cytisine 


FIGURE  2.  Effect  of  nAChR  agonists  on  isolated  longitudinal  muscle  strip  with  myenteric 
plexus  attached  (guinea  pig  ileum).  For  method  see  reference  49. 


agonist  than  (-)nicotine.31-48  However,  its  potency  depends  on  the  subunit  composi¬ 
tion  of  the  nAChR.  In  situ  hybridization  has  revealed  the  existence  of  a-  and 
(3-subunits  in  different  regions  of  the  brain,  including  the  hippocampus.26’27  Cytisine 
can  distinguish  between  receptors  containing  (34,  which  are  highly  sensitive  to 
cytisine,  and  receptors  containing  (32,  which  are  completely  insensitive.  Therefore  it 
is  suggested  that  the  presynaptic  nAChRs,  whose  stimulation  by  nAChR  agonists 
[(-E)anatoxin-a  >  DMPP  >  (-)nicotine  »  cytisine]  resulted  in  an  increase  of  NE 
in  the  three  different  regions  of  the  hippocampus,  contain  the  (32  subunit  (Table  5). 
aBGT-insensitive  nAChRs,  which  represent  a  large  population  of  nAChRs  present 
throughout  the  hippocampus,  are  most  likely  composed  of  a  combination  of  a3  and 
32  subunits,  and  are  involved  in  the  release  of  NE  by  nAChR  stimulation. 

In  the  striatum  the  dopaminergic  axon  terminals  are  equipped  with  similar 
nAChRs.31  It  is  very  likely  that  these  nAChRs  are  composed  of  a3  and  (32  subunits. 
Although  n-bungarotoxin  and  neurosuguratoxin  were  very  potent  in  inhibiting  DA 
release  evoked  by  nAChR  stimulation,  aBGT  had  no  effect  at  all.12,31  Because  the 
potency  of  nAChR  agonists  depends  on  the  a-|3  combination,24  the  rank  order  of 
agonist  potency  for  DA  release  obtained  by  Grady  eta/.31  suggests  an  a3£4  combina¬ 
tion  (relatively  high  cytisine  activity),  although  it  is  also  not  a  perfect  match. 
However,  inasmuch  as  nBTX  is  not  active  on  nAChRs  composed  of  a3(34  subunits, 
the  suggestion  of  Grady  et  al.31  seems  very  unlikely,  and  therefore  the  nAChRs 
responsible  for  DA  release  are  most  likely  composed  of  a3(32  subunits. 

There  is  convincing  neurochemical  evidence  that  at  the  mouse  neuromuscular 
junction  (phrenic  nerve-hemidiaphragm  preparation)  there  are  nAChRs  presynapti- 
cally  involved  in  positive  feedback  modulation  of  ACh  release.18  Presynaptically  the 
rank  order  of  potency  of  nAChR  antagonists  was  (+)tubocurarine  >  pancuronium 
>  hexamethonium,  and  aBGT  had  no  effect.  In  contrast,  postsynaptically  aBGT  was 
very  active  (Table  5),  and  hexamethonium  had  no  effect.  This,  in  fact,  is  the  first 
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evidence  that  in  a  cholinergic  synapse  the  pre-  and  postsynaptically  located  nAChRs 
are  heterogeneous  and  their  subunit  composition  is  different. 


Somatodendritic  nAChRs 

The  nAChR  agonists  produced  increasing  contractions  of  the  longitudinal  muscle 
of  guinea-pig  ileum49,50  (Fig.  2),  an  effect  certainly  due  to  the  release  of  ACh  from 
cholinergic  interneurons  of  the  Auerbach  plexus,50-53  because  the  smooth  muscle  is 
not  equipped  with  nicotinic  receptors,  and  the  somatodendritic  part  of  cholinergic 
interneurons  is  equipped  with  nAChRs.  In  fact,  nAChR  agonists  stimulate  nAChRs 
located  on  the  somatodendritic  part  of  the  neurons50  51  subsequently  producing  firing 


0.2  0.5  1  3  10  30  IOOjjM 


(+)“  A  n  a  t  ox  i  n-  A 

FIGURE  3.  Effect  of  (+)anatoxin-A  on  isolated  longitudinal  muscle  strip  preparation.  For 
method  see  reference  49. 
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of  the  neurons  and  resulting  in  release  of  ACh.51-53  First  the  concentration-response 
curve  for  the  specific  nicotinic  agonist  DMPP  was  determined.  At  100  pM  concentra¬ 
tion,  DMPP  produced  the  maximum  contraction  (ED50  =  2.96  ±  0.34  pM),  then 
decreased  responses  at  higher  concentrations.  (  — )Epibatidine,  (-l-)anatoxin-a, 
(-)nicotine,  and  cytisine  also  produced  contractions  in  a  concentration-dependent 
manner.  (-)Epibatidine  is  an  alkaloid  isolated  from  the  skin  of  the  poison  frog, 
Epipedobates  tricolor. 54  A  nAChR  agonist,55  it  inhibits  [3H]cytisine  binding  with  an 


TTX 


(+)-Anatoxin-A 


Smooth 

muscle 


FIGURE  4.  Evidence  that 
the  site  of  effect  of 
(+)anatoxin-A  is  on  the 
somatodendritic  part  of 
the  cholinergic  interneu¬ 
rons.  Note  that  tetrodo- 
toxin  (TTX)  inhibited  the 
effect  of  (  +  )anatoxin-A  to 
produce  contraction.  TTX 
blocks  nerve  conduction; 
therefore,  the  stimula¬ 
tion  of  somatodendritic 
nAChRs  does  not  produce 
firing  and  subsequent  ACh 
release  and  M3  muscarinic 
subtype-mediated  contrac¬ 
tion  of  the  smooth  muscle. 
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IC50  of  70  pM  and  with  a  Kj  of  43  pM.  In  our  experiments  the  ED50  was  0.03  ±  0.01 
pM.  Its  effect  was  readily  antagonized  by  mecamylamine  (Kj  =  0.8  pM).  The 
contraction  was  very  fast  and  showed  no  tendency  to  build  up  desensitization. 
Atropine  and  TTX  blocked  its  effect  to  produce  contraction,  indicating  that  its  action 
is  mediated  via  ACh  released  in  response  to  somatodendritic  stimulation  of  choliner¬ 
gic  interneurons.  Maximum  responses  occurred  at  a  concentration  of  10  pM  of 
(+)anatoxin-a  (Fig.  3).  Peak  contraction  developed  quickly  at  concentrations  above 
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table  6.  Effect  of  Different  nAChR  Agonists  on  Somatodendritic  Nicotinic 
Receptors  Located  on  Cholinergic  Interneurons 


Agonists 

EC50  (jtM) 

N 

(-)Epibatidinea 

0.03  ±  0.01 

6 

(-H)Anatoxin-a 

1.38  ±  0.23 

4 

DMPP^ 

2.96  ±  0.34 

11 

(-)Nicotine 

5.87  ±  0.24 

14 

Cytisine 

50.00  ±2.00 

3 

Note:  To  study  the  effect  of  nAChR  agonists  and  antagonists  on  somatodendritic  nAChRs, 
4-5  cm  long,  longitudinal  muscle  strips  of  guinea-pig  ileum49  were  suspended  in  Krebs  solution 
in  a  2-mL  organ  bath.  A  resting  tension  of  10  mN  was  applied  to  the  muscle.  The  dose-response 
of  nAChR  agonists  was  determined  by  adding  successively  higher  concentrations  to  the  bath. 
From  the  computer-derived,  best-fit,  log  dose-response  regression  line,  the  concentration  of 
nAChR  agonist  that  increased  the  isometric  force  of  muscle  contraction  to  50%  of  the 
maximum  (EC50)  was  calculated. 
aExo-2(6-chloro-3-pyridyl)-7-azabicyclo  heptane.54’55 
^Ll-DimethyM-phenylpiperazinium  iodide. 


5  fiM  but  decreased  before  washout,  that  is,  the  contraction  was  not  maintained. 
This  decrease  represented  either  receptor  desensitization  or  a  block  induced  by  the 
agonist  applied.  When  the  preparation  was  exposed  to  ACh  (0.05-3  jxM)  the 
contraction  was  maintained.  Atropine  completely  blocked  the  responses,  indicating 
that  the  response  of  the  smooth  muscle  is  mediated  by  ACh  released  from  varicosi¬ 
ties  via  stimulation  of  muscarinic  receptors  located  on  the  smooth  muscle  cells.  In 
addition,  TTX,  a  sodium  channel  blocker,  completely  abolished  smooth  muscle 
contractions  (Fig.  4),  and  the  release  of  ACh  evoked  by  nAChR  agonists  such  as 
DMPP,  (-)nicotine,51  or  (4-  )anatoxin-a,52  and  rather  selective  nAChR  antagonists 
antagonized  the  effects  of  these  agonists.  Therefore,  it  is  suggested  that  this  method 
is  useful  for  studying  the  potency  of  different  nAChR  agonists  and  antagonists, 


table  7.  Apparent  Dissociation  Constant  (K^)  of  Different  nAChR  Antagonists 
Estimated  on  Somatodendritic  Nicotinic  Receptors 


Antagonists/Agonists 

Kd  (m-M) 

DMPP 

(— )Nicotine 

Dihydro-p-erythroidine 

0.63  ±  0.08  (4) 

Mecamylamine 

0.95  ±  0.28  (7) 

1.26  ±  0.26  (4) 

(-f-)Tubocurarine 

2.87  ±  0.61  (6) 

1.36  ±  0.41  (8) 

Hexamethonium 

10.37  ±  2.79  (10) 

14.41  ±  3.46  (6) 

a-Bungarotoxin 

>20 

Note:  To  estimate  the  apparent  dissociation  constant  of  different  antagonists  versus  different 
agonists  the  following  equation  was  used:  a/DR-1.  The  apparent  dissociation  constant  (K^)  of 
antagonists,  a  concentration  required  to  double  the  ED50  of  agonists  for  the  increase  of  the 
force  of  muscle  contraction  by  nAChR  agonists,  was  calculated.  The  negative  logarithm  of  this 
concentration,  pA2  is  commonly  accepted  as  a  measure  of  antagonist  affinity.  The  maximal 
contractile  response  to  nAChR  agonists  was  designated  as  100%,  and  the  ED50  of  agonists  were 
calculated.  The  effect  of  oxotremorine,  a  selective  muscarine  receptor  agonist  that  induced 
contraction  of  the  muscles,  was  also  investigated  in  the  presence  of  different  concentrations  of 
nAChR  antagonists  studied.  The  nAChR  antagonists  did  not  affect  oxotremorine  on  the 
smooth  muscle,  indicating  that  they  do  not  exert  antimuscarinic  activity.  Number  of  experi¬ 
ments  is  in  parentheses. 
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provided  they  do  not  possess  antimuscarinic  activity  at  the  concentration  applied. 
When  the  equipotent  concentration  (EC50)  of  different  agonists  was  calculated 
(Table  6),  (-)epibatidine,  a  nAChR  agonist  with  strong  analgesic  activity,  proved  to 
the  most  potent  agonist  and  cytisine  the  least  potent.  However,  when  the  apparent 
dissociation  constants  (K^)  of  antagonists  were  estimated  (Table  7)  DH|3E  was  seen 
to  be  the  most  potent,  and  the  rank  order  of  potency  was  DH0E  >  mecamylamine  > 
(+)-tubocurarine  >  hexamethonium  »  aBGT.  The  rank  order  of  potency  of 
agonists  for  somatodendritic  receptors  [(+)anatoxin-a  >  DMPP  =  (-)nicotine  > 
cytisine]  differs  from  that  found  in  the  hippocampus.  The  finding  that  cytisine  is  less 
potent  than  DMPP  and  (-)nicotine  (EC50  =  47.5  ±  2.0  p.M)  indicates  that  the  (32 
subunit  is  involved  in  forming  somatodendritic  nAChRs.  In  addition,  that  DH(3E  was 
very  active  and  aBGT  had  no  effect  suggests  that  the  a4-subunit  is  also  present. 
Flores  et  a l.56  suggested  that  a4  and  £2  subunits  are  associated  in  forming  the 
predominant,  and  possibly  the  only,  subtype  of  neuronal  nicotinic  receptor  with  high 
affinity  for  agonists.  They  found  that  all  a4-subunits  that  were  labeled  by  [3H]cytisine 
were  coupled  to  (32  subunits.  In  addition  it  was  shown57  that  neuronal  a4|32  nAChRs 
are  insensitive  to  aBGT,  but  they  are  sensitive  to  blockade  by  DH|3E.48  Taking  into 
account  our  data,  it  is  suggested  that  on  the  postsynaptic  site  in  the  neuron-neuron 
synapse  the  nAChRs  are  composed  of  a4(32  subunits. 


from  locus 

coeruleus  from  septum 


FIGURE  5.  Interaction  between  cholinergic  input  and  noradrenergic  axon  terminals  in  the 
hippocampus.  ACh  released  from  the  cholinergic  terminals  may  be  able  to  stimulate  nAChRs 
located  on  the  noradrenergic  terminals  and  release  norepinephrine  (NE).  Note  that  the 
noradrenergic  axon  terminals  are  not  equipped  with  inhibitory  muscarinic  receptors,44  thus  the 
effect  of  ACh  on  nAChRs  is  unopposed. 
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table  8.  Characteristics  of  nAChR  Stimulation-mediated  Release  of 
Norepinephrine.  Different  Types  of  Transmitter  Release _ 


Associated 
with  AP° 

[Ca2+]0- 

Dependent 

Subject  to 
Presynaptic 
Modulation 

Carrier- 

mediated 

Resting 

Not 

Not 

Not 

Yes  (partly) 

Electrical  stimulation 

Yes 

Yes 

Yes 

Not 

nAChR-mediated 

Not 

Yes 

Yes 

Not 

Reversal  of  the  carrier 

Not 

Not 

Not 

Yes 

aAP,  action  potential. 


Possible  Role  of  Presynaptic  nAChR  Located  on  the  Noradrenergic 
Axon  Terminals  in  the  Hippocampus 

Inasmuch  as  the  hippocampus  receives  noradrenergic  innervation  from  the  locus 
coeruleus  and  NE  inhibits  excitatory  glutamate-mediated  synaptic  transmission  in 
area  CA3,37-58-59  the  nAChR-mediated  NE-releasing  action  of  cholinergic  innerva¬ 
tion  and  the  ct2-adrenoceptor-mediated  inhibition  of  this  interaction  described  in  this 
paper  may  have  a  functional  role.  The  effectiveness  of  this  interaction  is  multiplied 
by  the  fact  that  the  noradrenergic  axon  terminals  are  not  subjected  to  muscarinic 
receptor-mediated  inhibition  (Fig.  5).  It  means  that  the  firing  of  cholinergic  afferents 
and  the  subsequent  release  of  ACh  may  produce  an  increase  of  NE  release  that  is  not 
associated  with  axonal  firing.  The  release  of  NE  in  response  to  activation  of 
cholinergic  input  in  the  hippocampus  may  result  in  a  decrease  of  the  evoked  release 
of  transmitter  from  excitatory  terminals  of  both  mossy  fibers  and  CA3  pyramidal  cell 
recurrent  collaterals;59  thus  the  stimulation  of  nAChRs  located  on  the  noradrenergic 
axon  terminals  would  result  in  reduction  of  the  activity  of  pyramidal  cells. 

It  is  generally  accepted  that  both  the  cholinergic  system  and  the  hippocampus 
play  a  significant  role  in  memory  and  learning.  Recent  data,  however,  suggest  that 
the  interaction  of  cholinergic  and  noradrenergic  pathways  may  be  even  more 
important  for  memory  processes.60  Several  studies  concerning  presynaptic  inhibition 
of  transmitter  release  from  the  hippocampus  have  shown,  using  electrophysiologi- 
calcf-61  and  neurochemical42-62  methods,  that  the  release  of  different  transmitters  can 
be  modulated  via  stimulation  of  presynaptic  receptors.  The  recent  finding  of  excit¬ 
atory  interaction  between  cholinergic  input  and  noradrenergic  neurons  through 
nAChRs  located  on  noradrenergic  axon  terminals,  and  of  the  absence  of  inhibitory 
muscarinic  receptors  on  the  noradrenergic  axon  terminals44 — in  contrast  to  the  axon 
terminals  with  opposite  muscarinic  and  nicotinic  actions  on  the  same  population  of 
axon  terminals  (e.g.,  the  nigrostriatal  pathway) — make  this  interaction  very  effective. 

In  summary,  the  stimulation  of  nAChRs  located  on  the  axon  terminals  results  in  a 
release  of  NE  and  other  transmitters,  but  unlike  that  observed  at  rest,  it  is 
[Ca2+]0-dependent  and  is  subject  to  presynaptic  modulation  (Table  8). 
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Nicotinic  acetylcholine  receptors  (AChRs)  are  members  of  a  gene  superfamily  of 
ligand-gated  ion  channels  that  includes  GABAa  receptors,  glycine  receptors,  and 
5HT-3  serotonin  receptors,1-2  but  does  not  appear  to  include  glutamate  receptors.3 
AChRs  are  the  predominant  excitatory  receptors  in  the  mammalian  peripheral 
nervous  system,  whereas  glutamate  receptors  are  the  predominant  excitatory  recep¬ 
tors  in  the  central  nervous  system.  In  the  peripheral  nervous  system  AChRs  are 
critical  for  controlling  skeletal  muscles  and  consequently  are  the  target  of  toxins  such 
as  snake  venom  toxins  like  a-bungarotoxin  (aBgt),  and  muscle  AChRs  are  the  target 
of  an  antibody-mediated  autoimmune  response  in  myasthenia  gravis.4  Although 
outnumbered  by  glutamate  receptors  in  the  vertebrate  central  nervous  system, 
neuronal  AChRs  are  widespread.  Their  functional  roles  are  not  yet  well  known.  They 
have  been  implicated  in  learning  and  memory,  and  their  number  is  decreased  in 
Parkinson’s  syndrome  and  Alzheimer’s  disease.5  One  measure  of  their  significance  is 
that  through  nicotine  they  mediate  the  addiction  to  tobacco,  which  is  predicted  to 
cause  a  quarter  of  a  billion  premature  deaths  by  the  turn  of  the  century.5 

The  three  branches  of  the  AChR  gene  family7  are  (1)  muscle  AChRs,  (2) 
neuronal  AChRs  that,  unlike  those  of  muscle,  do  not  bind  aBgt,  and  (3)  neuronal 
AChRs  that  do  bind  aBgt.  All  are  ACh-gated  cation  channels  formed  probably  from 
five  subunits  of  usually  two  to  four  homologous  types.8-9  These  subunits  are  thought 
to  be  organized  like  barrel  staves  around  a  central  cation  channel.  The  synthesis, 
structure,  and  function  of  muscle-type  AChRs  are  known  in  relatively  great  detail, 
whereas  the  more  diverse  structures,  functional  properties,  and  functional  roles  of 
neuronal  AChRs  are  much  less  well  characterized.7"9  The  functional  properties  of 
various  combinations  of  neuronal  AChR  subunits  expressed  in  Xenopus  oocytes  have 
been  better  characterized  than  have  the  functional  properties  of  diverse  neuronal 
AChR  subtypes  in  vivo,  and  the  actual  functional  roles  in  the  nervous  system  of  many 
of  the  real  and  potential  subtypes  of  neuronal  AChRs  remain  to  be  determined.  It  is 
becoming  apparent  that  many  neuronal  AChRs  are  likely  to  have  functional  roles 
that  differ  from  the  straightforward  postsynaptic  type  of  critical  link  in  neurotransmis¬ 
sion  exemplified  by  muscle  AChRs. 

We  attempt  to  review  briefly  the  diversity  of  neuronal  AChRs  primarily  from  the 
perspective  of  what  has  been  done  in  our  laboratory.  Muscle  AChRs,  which  serve  as 
an  archetype  for  the  gene  family,  are  considered  only  briefly  as  a  model  for 
comparison  with  neuronal  AChRs.  Most  emphasis  is  given  to  neuronal  AChRs  that 
bind  aBgt,  because  they  have  been  the  most  recent  focus  of  research  attention  in  this 
field.  Data  are  presented  that  compare  and  contrast  some  of  the  properties  of 
representatives  of  each  of  the  three  branches  of  the  AChR  gene  family  as  revealed  by 
expressing  their  cRNAs  in  Xenopus  oocytes. 
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MUSCLE  AChRs 

Schematic  representations  of  the  known  AChR  subunit  sequences  are  depicted 
in  Figure  1.  All  AChR  subunits  consist  of  homologous  sequences7-9  that  start  with  a 
signal  sequence  cleaved  during  translation.  The  N-terminal  ~  200  amino  acids  of  the 
mature  subunits  are  thought  to  form  a  large  domain  on  the  extracellular  surface.  This 
is  followed  by  =90  amino  acids  comprising  three  closely  spaced  hydrophobic 
sequences  that  are  thought  to  form  transmembrane  domains  (Ml — M3).  M2  is 
thought  to  line  the  ion  channel.  Following  M3  is  a  large  cytoplasmic  domain  of 
=  100-200  amino  acids.  The  large  cytoplasmic  domain  is  the  most  variable  part  of  the 
sequence  between  subunits.  In  many  AChR  subunits  this  region  contains  the  most 
immunogenic  epitopes  that  are  recognized  by  antibodies  in  both  native  and  dena¬ 
tured  subunits.10  Thus,  antibodies  raised  against  bacterially  expressed  peptides  from 
this  region  have  been  very  effective  at  recognizing  both  native  and  denatured 
AChRs.11-12  The  large  cytoplasmic  domain  is  followed  by  a  fourth  hydrophobic 
sequence  (M4)  leading  to  a  small  =  10-30  amino  acid  extracellular  domain  at  the 
C-terminus.  Among  the  methods  that  have  been  applied  to  determining  the  trans¬ 
membrane  orientation  of  the  AChR  subunit  polypeptide  chains  is  the  “reporter 
epitope”  method.13  In  this  method,  epitope  sequences  are  inserted  by  in  vitro 
mutagenesis,  and  then  the  transmembrane  orientation  of  the  tagged  part  of  the 
sequence  is  determined  using  a  monoclonal  antibody  (mAb)  to  the  epitope  to  label 
the  extracellular  or  cytoplasmic  surface  of  the  AChR  expressed  from  cRNA  in 
Xenopus  oocytes.  The  reporter  epitope  method  has  the  technical  virtue  that  it  avoids 
the  slow  and  expensive  process  of  making  new  antibodies.  It  should  be  able  to  probe 
the  transmembrane  orientation  of  any  part  of  a  subunit  sequence  that  is  on  the 
protein  surface  and  that  is  not  part  of  an  active  site.  The  basic  method  should  be 
applicable  to  any  cloned  membrane  protein. 

AChR  subunit  genes  are  scattered  over  several  human  chromosomes:  l(p2), 
2(al,7,8),  8(a2),  15(a3,  a5,  al,  (34),  17(31),  and  20(a4).14-19  Genes  for  subunits  that 
are  components  of  a  native  AChR  are  not  necessarily  located  together.  Thus,  the 
genes  for  al,  pi,  y,  and  8  subunits  of  muscle  AChR  are  on  two  chromosomes,  as  is 
the  case  for  the  genes  for  a4  and  p2  subunits  of  the  brain  AChR  subtype  with  high 
affinity  for  nicotine.  However,  the  a3,  (34.  and  a5  genes  that  encode  subunits  of 
ganglionic  AChRs  are  contiguous  on  a  single  chromosome. 

Muscle  al  subunits  mature  in  their  conformation  after  synthesis  and  before 
assembly  with  other  subunits.20  This  conformational  maturation  is  marked  by  their 
acquisition  of  the  ability  to  bind  aBgt  to  what  will  become  the  ACh  binding  site  (and 
is  in  part  composed  of  amino  acids  in  the  region  180-200)8  and  mAbs  to  the  main 
immunogenic  region  (which  is  in  part  composed  of  amino  acids  in  the  region 
66-76).21-22  This  conformational  maturation  is  thought  to  be  associated  with  forma¬ 
tion  of  a  disulfide  bond  between  cysteines  al28  and  al4223  to  form  a  loop  which  is 
conserved  in  all  AChR  subunits,  and  which  in  most  contains  an  N-glycosylation  site 
at  141.7-9  Similar  maturation  events  may  occur  with  all  AChR  subunits,  but  have  not 
been  studied.  Ability  to  bind  ACh  and  small  cholinergic  ligands  is  not  acquired  until 
al  associates  with  y,  8,  or  e  subunits;  the  binding  site  is  thought  to  be  formed  at  the 
interface  between  subunits.24-26  The  extracellular  domain  is  thought  to  be  largely 
responsible  for  the  specific  associations  between  muscle  AChR  subunits.25  Sequence 
homologies  suggest  that  similar  considerations  apply  to  the  assembly  of  neuronal 
AChR  subunits  and  the  formation  of  ACh  binding  sites  at  some  subunit  interfaces. 

At  mature  neuromuscular  junctions  the  AChRs  are  composed  of  two  al  subunits 
in  combination  with  one  each  of  pi,  8,  and  e  subunits.8  Extrajunctional  AChRs  found 
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before  innervation  or  after  denervation  differ  from  mature  AChRs  by  substituting  y 
for  e  subunits,  resulting  in  increased  duration  of  channel  opening  and  an  increased 
rate  of  turnover,  among  other  changes.  The  subunits  are  thought  to  be  arranged 
around  a  central  cation  channel  in  the  order  al,  8,  al,  e,  (3  in  such  a  way  that  two 
acetylcholine  binding  sites  are  formed,  one  at  the  interface  between  a  and  8  subunits 
and  the  other  between  al  and  e  subunits.  Evidence  suggests  that  the  channel  of  both 
muscle  and  neuronal  AChRs  is  lined  by  amino  acids  from  the  second  transmembrane 
domain  (M2).7-9 

The  structure  of  muscle  type  AChRs  from  Torpedo  electric  organ  has  been 
determined  to  a  resolution  of  9  A  by  Nigel  Unwin’s  studies  of  two  dimensional 
crystalline  arrays  of  AChRs  in  membrane  fragments.77  This  analysis  reveals  in  side 
view  an  80-A-wide  120-A-long  protein  extending  60  A  on  the  extracellular  surface 
and  20  A  on  the  cytoplasmic  surface.  Viewed  from  the  top,  a  pentagonal  array  of 
subunits  is  seen  to  surround  a  channel  of  25  A  in  diameter  at  its  mouth  which 
narrows  abruptly  at  the  level  of  the  lipid  bilayer  and  then  flares  open  again  on  the 
cytoplasmic  surface.  Only  a  single  transmembrane  a  helix  was  observed  in  each 
subunit.  It  was  suggested  that  this  a  helix  might  correspond  to  the  channel  lining 
domain  M2,  but  other  evidence  indicates  that  at  least  part  of  M2  is  in  a  p 
conformation.28  In  any  case,  it  seems  that  most  of  the  transmembrane  sequences  of 
AChR  subunits  must  be  in  (3  rather  than  a  helical  conformations.  Because  of  the 
basic  homologies  in  sequence  between  the  subunits  of  all  AChR  subunits,  it  seems 
likely  that  they  all  have  a  basically  similar  size  and  pentagonal  shape. 


NEURONAL  AChRs  THAT  DO  NOT  BIND  a-BUNGAROTOXIN 

Putative  neuronal  AChR  subunit  cDNAs  have  been  identified  by  low  stringency 
hybridization  starting  with  muscle  AChR  probes.9'29,30  These  have  been  termed29 
a2-a6  if  they  contained  a  cysteine  pair  homologous  to  the  pair  at  192  and  193  in  al 
subunits  which  can  be  affinity-labeled  by  ACh  analogues.8  Homologous  cDNAs  that 
did  not  contain  this  cysteine  pair  were  termed  p2-(34.  Pairwise  combinations  of  a2, 
a3,  or  a4  with  (32  or  (34  subunits  form  ACh-gated  cation  channels  when  coexpressed 
in  Xenopus  oocytes.9,2930  This  allows  for  many  potential  AChR  subtypes  to  be 
expressed  in  various  regions  or  at  different  times  during  development.  Although  the 
localizations,  developmental,  and  functional  roles  of  these  subtypes  have  not  been 
worked  out  in  detail,  some  simplifying  generalizations  have  emerged.  In  the  mature 
mammalian  brain  the  predominant  AChR  subtype  that  does  not  bind  aBgt  is 
composed  of  a4  and  (32  subunits.31,32  These  a4(32  AchRs  comprise  at  least  90%  of 
the  high-affinity  nicotine  binding  sites.  In  retina33  and  autonomic  ganglia,11  the 
predominant  AChR  subtype  which  does  not  bind  aBgt  includes  a3  subunits. 

AChRs  with  high  affinity  for  nicotine  have  been  immunoaffinity-purified  from 
brains  of  chickens,34,35  rats,31  cattle,  and  humans32  using  antibodies.  Such  AChRs 
have  subsequently  been  affinity-purified  from  rat  brains  by  affinity  chromatography 
using  bromoacetylcholine-agarose.36,37  In  rats  and  chickens  N-terminal  amino  acid 
sequencing  identified  a4  and  (32  subunits  as  the  components  of  this  AChR  sub- 
type.33,38,39  This  conclusion  has  subsequently  been  confirmed  by  immunological 
analysis  as  well,  using  subunit-specific  mAbs32  and  antipeptide  sera.33,40  Whereas  in 
mammals32  a4(32  AChRs  comprise  >90%  of  the  brain  AChRs  with  high  affinity  for 
nicotine,  in  chickens  nearly  half  of  such  AChRs  are  formed  by  (32  in  combination 
with  an  a  subunit  yet  to  be  identified.35  Evidence  shows  that  a  small  fraction  of  a4(32 
AChRs  may  have  o5  subunits  associated  41  Mouse  fibroblasts  permanently  trans¬ 
fected  with  a4  and  (32  subunits  exhibit  ACh-gated  cation  channels  and  the  same 
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pharmacological  properties  as  native  brain  AChRs  for  binding  of  [3H]nicotine  and 
competing  ligands.42-43  The  subunit  stoichiometry  was  shown  to  be  (a4)2((32)3  using  a 
method  that  involved  purifying  metabolically  labeled  a4|32  AChRs.44  This  method 
involved  expressing  these  cDNAs  in  [35S]methionine-labeled  Xenopus  oocytes,  isolat¬ 
ing  fully  assembled  AChRs  of  the  same  ~10S  size  as  native  AChRs  by  sucrose 
gradient  sedimentation,  affinity-purifying  these  AChRs,  purifying  their  subunits  by 
PAGE,  determining  the  ratio  of  [35S]methionine  label  in  the  subunits,  and  then 
correcting  for  the  methionine  composition  of  these  subunits.44  This  general  method 
for  stoichiometry  determination  was  also  shown  to  work  for  muscle  AChR,  and 
should  work  for  any  cloned  multisubunit  receptor  similarly  expressed.  The  same 
(a4)2(p2)3  stoichiometry  was  also  inferred  from  an  electrophysiological  method.45 
Thus,  in  the  one  case  where  the  stoichiometry  of  a  neuronal  AChR  subtype  is  known, 
the  pentagonal  symmetry  of  (al)2(31y&  AChRs  of  muscle  is  conserved,  as  presumably 
is  the  presence  of  two  ACh  binding  sites;  however,  only  two  kinds  of  subunits 
compose  that  neuronal  AChR  subtype  rather  than  the  four  kinds  of  subunits  which 
compose  muscle  type  AChRs. 

Immunohistological  localization  of  (32  subunits  throughout  rat  brain  using  a 
subunit-specific  mAb  revealed  a  wide  distribution46  which  closely  paralleled  that  of 
high-affinity  sites  for  binding  [3H]ACh  or  [3H]nicotine,  and  which  overlapped  but 
was  distinct  from  the  pattern  of  [125I]aBgt  binding.47  These  results  have  subsequently 
been  confirmed  by  others  using  an  antipeptide  serum  to  (32  antibodies.48  Monoclonal 
antibodies  have  also  been  used  to  localize  (32  subunits  in  chick  brain  and  retina.49-32 
Transport  of  AChRs  down  the  axons  of  retinal  ganglion  cells  to  their  termination  in 
the  superior  colliculus  and  other  nuclei  was  demonstrated  by  showing  that  removal  of 
an  eye  eliminated  all  labeling  by  a  (32-specific  mAb  of  the  contralateral  superior 
colliculus.46  (32  was  also  located  in  dorsal  root  ganglion  cells.46  These  results  are 
consistent  with  the  idea  that  many  a4(32  AChRs  are  located  presynaptically  where 
they  may  function  to  modulate  the  release  of  ACh  or  another  transmitter.  This  is 
consistent  with  evidence  for  transport  of  AChRs  in  the  habenulointerpeduncular 
tract,51  and  with  evidence  that  AChRs  can  modulate  the  release  of  dopamine  and 
other  transmitters  from  synaptosomes.53-54 

The  a4(32  AChRs  account  for  >  90%  of  the  high-affinity  nicotine  binding  sites  in 
mammalian  brains,32  and  the  amount  of  a4(32  AChRs  in  brain  is  increased  by  chronic 
exposure  to  nicotine.40  This  effect  does  not  appear  to  result  from  an  increase  in 
transcription  of  a4  or  (32  subunits.55  Instead,  this  effect  appears  to  result  from  a 
decrease  in  the  rate  of  destruction  of  a4(32  AChRs.56  This  was  demonstrated  by 
showing  that  chronic  exposure  to  1  jjlM  nicotine  caused  a  twofold  increase  in  the 
amount  of  a4(32  AChRs  in  transfected  fibroblasts,  and  that  after  prevention  of 
synthesis  of  new  proteins  by  cyclohexamide  the  AChRs  already  in  the  membrane 
were  destroyed  much  less  rapidly  in  the  presence  of  nicotine. 

The  a3  AChRs  are  much  more  abundant  in  chick  retina  than  are  a4|32  AChRs.33 
Chick  ciliary  ganglia  have  been  shown,  using  subunit-specific  antibodies,  to  contain 
AChRs  which  include  the  a3  subunit.11  The  a3  AChRs  in  ciliary  ganglia  appear  to 
also  contain  p4  subunits  and  some  may  contain  (32  subunits.57  These  AChRs  also 
contain  a 5  subunits,41  and  are  usually  identified  using  an  mAb  to  the  main  immuno¬ 
genic  region  on  al  subunits,58  which  also  crossreacts  with  a  similar  sequence  on  a5 
subunits.41  Human  a5  subunits  will  assemble  with  human  a3  and  (3259  or  (34  subunits 
and  be  expressed  on  the  surface  of  Xenopus  oocytes,  but  a5  is  not  expressed  on  the 
surface  when  expressed  alone  or  in  combination  with  32  subunits.60  The  exact 
subunit  composition  or  stoichiometry  of  native  a3  AChRs  is  not  known,  but  it  is  clear 
that  they  do  not  include  al  subunits  which  are  expressed  in  the  same  neurons.57  The 
a3  AChRs  have  been  immunohistologically  located  to  the  postsynaptic  regions  of  the 
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cholinergic  synapses  on  these  neurons,61-62  whereas  the  al  AChRs  have  been 
localized  away  from  these  synapses  on  pseudodendrites63  where  the  source  of  ACh  to 
stimulate  them  is  not  obvious.  However,  it  is  not  clear  whether  a3  AChRs  will  always 
be  found  at  postsynaptic  localizations  or  whether  al  AChRs  will  always  be  found  at 
extrasynaptic  locations. 


NEURONAL  AChRs  THAT  BIND  a-BUNGAROTOXIN 


a-Bungarotoxin  binding  proteins  affinity-purified  from  chick  brain  yielded  a 
partial  amino  acid  sequence  that64  was  used  to  design  an  oligonucleotide  probe  that 
was  used  to  identify  a  cDNA  for  al  subunits.12  This  cDNA  was  used  to  identify  an  a8 
cDNA  from  chick  brain  which  exhibited  a  very  similar  sequence.12  al  has  subse¬ 
quently  also  been  cloned  from  rats65  and  humans.15-16-66  al  and  a8  are  homologous  in 
sequence  to,  but  about  equally  distinct  from,  muscle  al  and  neuronal  a2-a6.12 

Demonstration  that  al  and  a8  are  components  of  aBgt-binding  AChRs  de¬ 
pended  on  using  mAbs  to  bacterially  expressed  large  cytoplasmic  domain  fragments 
of  al  and  a8  to  immunoprecipitate  [125I]aBgt-labeled  AChRs.12  The  epitopes  for 
these  mAbs  have  been  mapped  more  precisely  using  synthetic  al  and  a8  peptides.67 
Synthetic  peptides  have  also  been  used  to  show  that  aBgt  binds  to  amino  acids  within 
the  sequence  180—200  of  al  and  a8  subunits.68  Most  brain  AChRs  that  could  bind 
aBgt  (75%)  were  found  to  contain  al  subunits,  whereas  a  minority  were  found  to 
contain  both  al  and  a8  subunits.12  By  contrast,  in  retina  the  majority  of  AChRs  that 
can  bind  aBgt  (69%)  contain  a8  subunits,  and  both  ala8  AChRs  (17%)  and  al 
AChRs  (14%)  comprise  minority  populations.69  The  complete  subunit  composition 
or  stoichiometry  of  these  al,  a8  or  a7a8  AChRs  is  not  known,  but  it  is  clear  from 
immunoprecipitation  experiments  that  they  do  not  contain  other  known  AChR 
subunits.  All  preparations  of  purified  aBgt  binding  neuronal  AChRs  that  have  been 
reported  contain  several  peptide  components, 31-70-71  and  it  is  likely  that  some  of  these 
peptides  correspond  to  AChR  subunits  that  have  yet  to  be  identified. 

Ballivet  and  co-workers  first  showed  that  al  had  the  remarkably  useful  property 
of  efficiently  forming  homo-oligomeric  ACh-gated  cation  channels  when  expressed 
in  Xenopus  oocytes.72  Figure  2  shows  that  al  homomers  are  expressed  as  efficiently 
on  the  surface  of  Xenopus  oocytes  as  are  the  native  AChR  subunit  combinations 
a4(32  and  al(3l78.  Figure  3  shows  that  al  homomers  form  ACh-gated  cation 
channels,  although  the  currents  detected  per  a  subunit  are  lower  than  for  a402 
AChRs  or  aipi-yS  AChRs.  As  will  be  discussed  below,  this  is  due  in  part  to  rapid 
desensitization  of  the  al  homomers.  These  three  AChR  subtypes  differ  in  pharmaco¬ 
logical  properties,  as  illustrated  in  Figure  4.  The  al  homomers  have  higher  affinity 
for  nicotine  than  ACh,  whereas  for  aipi^S  AChRs  the  opposite  is  true.  Nicotine  and 
ACh  are  most  potent  at  activating  the  a4(32  AChR  subtype,  and  they  also  have,  by 
far,  the  highest  equilibrium  binding  affinities  for  the  desensitized  conformation  of 
this  sub  type. 32-42-75  Nicotine  is  a  full  agonist  on  al  homomers  and  a4p2  AChRs,  but 
only  a  partial  agonist  on  al(31y8  AChRs.  All  three  subtypes  exhibited  Hill  coefficients- 
between  1.5  and  1.8.  This  suggests  that  not  only  for  (al)2|3l75  AChRs  (as  has  long 
been  known),76  but  also  for  (a4)2((32)3  AChRs  and  even  ( c\7 ) 5  homomers,  ACh  must 
bind  at  two  sites  to  provide  sufficient  energy  to  activate  opening  of  the  channel.  This 
presumably  reflects  the  basic  homologies  in  the  structures  of  these  subtypes.  Presum¬ 
ably  only  two  binding  sites  are  present  in  the  subtypes  with  two  a  subunits,  whereas 
activation  of  only  two  of  five  potential  subunits  is  sufficient  to  activate  al  homomers. 

The  existence  of  efficiently  expressed  functional  homomers  of  al  greatly  simpli¬ 
fies  mutagenesis  and  expression  studies,  and  has  led  to  a  series  of  very  instructive 
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FIGURE  2.  Comparison  of  surface  H  and  total  ■  expression  in  Xenopus  oocytes  of  chicken  al 
homomers,  chicken  a4£2  AChRs,  and  Torpedo  cdply5  AChRs.  Note  that  the  fraction  of  AChR 
on  the  surface  is  very  similar  for  both  al  homomers  (40%),  a4(32  AChRs  (35%),  and  al(31y8 
AChRs  (38%).  Oocytes  were  injected  with  15  ng  of  cRNA  for  the  indicated  subunits  and 
assayed  3  days  later  in  this  and  all  subsequent  figures.  Surface  al  and  aipiy5  AChRs  on  intact 
oocytes  were  measured  using  [125I]aBgt.  Surface  «4(32  AChRs  were  measured  using  pljmAb 
299  to  a4  subunits.32  Total  AChR  concentrations  were  measured  with  the  same  [125I]ligands 
using  immunoisolated,  detergent  solubilized  AChRs.  Triton  X-100  extracts  of  the  oocytes  were 
applied  to  Immulon-4  microwells  coated  with  mAb  318  to  al  subunits,73  or  mAb  270  to  [32 
subunits,35  or  mAb  210  to  al  subunits.74 


experiments  by  Changeux  and  co-workers.  These  include  the  demonstration  that  ion 
channel  selectivity  could  be  changed  from  cation  to  anion  by  mutagenesis  of  as  few  as 
two  amino  acids  in  the  M2  region  of  al  to  correspond  to  amino  acids  found  in 
homologous  positions  of  glycine  and  GABA  receptors,77  and  the  demonstration  that 
replacing  the  N-terminal  domain  of  a  5HT-3  receptor  with  that  of  al  produced 
ACh-gated  channels  characteristic  of  5HT-3  receptors.78  These  experiments  strik¬ 
ingly  illustrate  the  fundamental  homologies  in  structure  between  the  different 
members  of  the  ligand-gated  ion  channel  superfamily  which  includes  AChRs. 

The  al  AChRs  and  a8  AChRs  differ  in  their  pharmacological  properties.69  73  79 
The  al  AChRs  have  lower  affinity  for  aBgt  (Kd  =  2  nM)  than  does  muscle  AChR, 
which  binds  aBgt  nearly  irreversibly,  but  al  AChRs  have  higher  affinity  for  aBgt  than 
do  a8  AChRs  (Kj  =  20  nM).69-73  Because  of  their  low  affinity  for  aBgt,  a8  AChRs 
may  not  be  detected  by  the  1  nM  concentrations  of  aBgt  frequently  used  in  binding 
studies.  The  al  AChRs  have  much  lower  affinity  for  small  cholinergic  ligands  than  do 
a8  AChRs.73  Also,  a8  AChRs  exhibit  heterogeneity  in  ligand  binding  not  seen  with 
al  AChRs.  For  example,  the  IC50  value  for  nicotine  is  1.3  p.M  for  al  AChRs,  0.012 
jjlM  for  78%  of  the  a8  AChR  [125I]aBgt  binding  sites,  and  11  p-M  for  22%  of  the  a8 
AChR  binding  sites.73  The  heterogeneity  in  a8  AChR  binding  affinity  may  suggest 
that  a8  associates  with  more  than  one  kind  of  structural  subunit.  The  heterogeneity 
could  occur  between  two  different  ACh  binding  sites  in  one  a8  AChR  protein.  For 
example,  in  a  muscle  AChR  the  affinity  for  curare  of  the  ACh  binding  site  formed  by 
al  and  y  differs  from  that  formed  by  al  and  8.24  Alternatively,  two  a8  AChR  subtypes 
may  occur  which  differ  in  subunit  composition.  Another  interesting  feature  of  the 
pharmacology  of  al  AChRs  and  a8  AChRs  is  their  relatively  high  affinity  for  the 
classic  glycinergic  antagonist  strychnine  and  the  classic  muscarinic  antagonist  atro- 
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pine.  The  classic  nicotinic  antagonist  curare  has  an  IC50  =  7  p.M  for  a.7  AChRs  and 
IC50  values  of  0.79  |xM  and  65  |xM  for  the  two  «8  AChR  sites.  Strychnine  is  nearly  as 
potent,  with  an  IC50  of  10  |xM  for  al  AChRs  and  IC50  values  of  2  p-M  and  18  p.M  for 
the  two  a8  AChR  sites.  Atropine  has  an  IC50  for  al  AChRs  of  160  pM,  but  0.031  pM 
and  390  |iM  for  the  two  a8  AChR  sites. 

Pharmacological  properties  of  al  and  a8  AChRs  are  generally,  but  not  precisely, 
reflected  by  the  properties  of  al  and  a8  homomers  expressed  in  Xenopus  oocytes.79-80 
The  differences  may  be  due  to  differences  in  posttranslational  modifications  in  the 
expression  system,  but  are  more  likely  to  be  due  to  the  lack  of  structural  subunits 
normally  associated  with  al  and  a8  subunits  in  vivo.  The  al  homomers  are  expressed 
on  the  surface  of  oocytes  at  about  the  same  40%  of  total  rate  observed  with  al(31y5 
AChRs  or  a4£2  AChRs  expressed  in  oocytes  (Fig.  2),  whereas  <5%  of  «8 
homomers  are  expressed  on  the  surface  at  similar  cRNA  doses  (15  ng).79  At  very  high 
cRNA  doses  (100  ng),  a8  homomer  expression  on  the  surface  can  increase  to  nearly 
15%. 79  Separation  of  homomers  on  a  sucrose  gradient  reveals  that  only  al  homomers 
of  the  ~  10S  size  of  native  al  AChRs  can  bind  [125I]aBgt,80  whereas  a8  homomers  in 
various  states  of  aggregation  can  bind  [125I]aBgt.79  The  al  homomers  immunoiso- 
lated  on  mAb-coated  microwells  had  monotonic  ligand  binding  properties,80  but  a8 
homomers  under  these  conditions  displayed  very  broad  binding  curves.79  This  may 
reflect  the  observation  in  muscle  AChRs  that  the  ACh  binding  sites  are  formed  at  the 
interfaces  between  subunits.8  Thus,  ligands  may  only  bind  when  adjacent  al  subunits 
are  properly  positioned  in  a  fully  assembled  pentamer,  whereas  various  associations 


FIGURE  3.  Comparison  of  current  per  surface  a  subunit  for  expression  in  Xenopus  oocytes  of 
chicken  al  homomers,  chicken  a4(32  AChRs,  and  Torpedo  cdpi-yS  AChRs,  using  saturating 
ACh  at  -90  mV.  The  experiments  shown  here  and  in  subsequent  figures  used  inhibitors  of  the 
Cl-  channel  to  prevent  enhanced  currents  due  to  activation  of  the  Cl"  channel  by  Ca2+  entering 
through  the  AChR  channels.  Note  that  the  current/a  subunit  is  much  lower  for  al  homomers 
than  for  the  other  AChR  subtypes.  As  may  become  evident  from  subsequent  figures,  this  was 
probably  due  to  a  combination  of  several  factors  including  (1)  rapid  desensitization  of  al,  (2) 
possible  side  effects  of  the  inhibitors  of  Cl"  channels  used,  and  (3)  the  presence  of  five  a 
subunits  in  an  al  homomer  rather  than  two  in  an  (a4)2(p2)j  AChR  or  an  (aljjPl'Y^  AChR. 
Surface  a  subunits  were  measured  as  shown  in  Figure  2.  In  this  and  all  subsequent  figures  a 
two-electrode  voltage  clamp  (Oocyte  Clamp  OC-725,  Warner  Instrument  Corporation)  was 
used  as  described  below.  The  chamber  was  continuously  perfused  with  96  mM  NaCl,  2  mM  KC1, 
1.8  mM  CaCl2,  and  5  mM  HEPES  buffer  pH  7.5  at  10  mL/min.  The  perfusing  solution 
contained  0.5  |xM  atropine  to  block  muscarinic  receptors.  The  perfusing  solution  for  al 
homomers  and  a4(32  AChRs  also  contained  100  pM  each  of  niflumic  and  flufenamic  acids  to 
block  Ca2+-activated  Cl"  channels.  These  were  not  added  to  alf31-y8  AChRs  because  their 
Ca2+  conductance  was  quite  low. 
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FIGURE  4.  Comparison  of  ACh  and  nicotine  dose/ response  curves  for  chicken  al  homomers, 
chicken  a4(32  AChRs,  and  Torpedo  aipiyS  AChRs  expressed  in  Xenopus  oocytes.  Note  the 
contrasting  pharmacological  properties  of  the  three  AChR  subtypes:  (1)  al  homomers,  like 
native  al  AChRs,73  have  higher  affinity  for  nicotine  (EC50  =  9  p.M)  than  ACh  (EC50  =  110 
p,M);  (2)  nicotine  (EC50  =  0.42  p.M)  and  ACh  (EC50  =  0.45  g.M)  have  equally  high  affinity  for 
a4p2  AChRs;  and  (3)  muscle-type  AChRs  have  higher  affinity  for  ACh  (EC50  =  5.9  fxM)  than 
nicotine  (EC50  =  245  p.M).  Saturating  concentrations  of  both  ACh  and  nicotine  induced  similar 
maximum  currents  with  both  al  homomers  and  ot4|32  AChRs.  However,  nicotine  behaved  as  a 
partial  agonist  on  alfllyS  AChRs  and,  at  saturating  concentrations,  produced  currents  2-3-fold 
less  than  produced  by  saturating  concentrations  of  ACh.  Hill  coefficients  calculated  at  low 
concentrations  of  agonists  (to  avoid  a  reduction  due  to  rapid  desensitization  at  high  concentra¬ 
tions)  ranged  between  1.5  and  1.8  in  all  cases.  This  suggests  that  not  only  for  (al)2pl7S 
AChRs76  and  (a4)2(p2)3  AChRs,  but  also  for  (a7)s  homomers,  ACh  acting  at  two  sites  is 
required  to  provide  sufficient  binding  energy  to  activate  opening  of  the  channel. 


of  a8  subunits  bind  aBgt,  but  with  differing  affinities.  Surface  a8  homomers  assayed 
for  pharmacological  effects  on  function  exhibit  monotonic  dose/response  curves,79 
suggesting  that  only  properly  assembled  pentamers  may  be  expressed  on  the  surface. 
The  limited  sequence  differences  between  the  N-terminal  extracellular  domains  of 
al  and  a8  subunits12  presumably  account  for  their  pharmacological  differences. 
Expression  of  a  series  of  mosaics  between  al  and  a8  subunits  reveal  that  virtually  all 
of  the  pharmacological  differences  between  al  and  a8  can  be  accounted  for  by  amino 
acids  between  179  and  208.81 

The  ion  channel  properties  of  al  and  a8  homomers  are  identical,  reflecting  their 
virtually  identical  sequences  in  the  Ml — M3  region.79  As  initially  noted  by  Patrick 
and  co-workers,65  the  most  striking  feature  of  these  channels  is  that  they  are  at  least 
as  selective  for  Ca2+  as  are  NMDA  receptor  channels.  The  increased  Ca2+  selectivity 
of  neuronal  AChRs  and  al  homomers,  in  particular,  as  compared  to  muscle  type 
AChRs  is  illustrated  in  Figure  5.  The  Ca2+  that  enters  the  channels  can  act  as  a 
second  messenger  and  in  Xenopus  oocytes  activates  a  Cl"  channel.66-79  In  vivo,  this 
property  could  permit  these  AChRs  to  regulate  many  channels  and  processes,  for 
example,  neurite  extension.83-85  In  Xenopus  oocytes,  activation  of  the  Cl-  channel 
can  be  used  to  amplify  the  weak  signal  from  a8  homomers.  Another  striking  feature 
of  al  and  a8  homomer  channels  is  the  rapidity  with  which  the  response  desensitizes. 
Native  al  AChRs  have  been  reported  to  desensitize  so  rapidly  that  especially  fast 
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agonist  application  and  fast  electronics  are  required  to  measure  channel  opening 
accurately.86-88  This  no  doubt  has  been  responsible  for  the  failure  to  detect  the 
activity  of  these  AChRs  until  quite  recently.  In  oocytes,  the  relative  slowness  with 
which  the  large  cells  can  be  perfused  may  prolong  the  response  and  be  used  to 
experimental  advantage.  The  rapid  rate  of  al  homomer  desensitization  as  compared 
to  a402  AChR  or  al01y8  AChR  desensitization  is  shown  in  FIGURE  6.  A  third 
feature  of  their  channels  is  strong  inward  rectification.  Thus,  as  the  cell  depolarizes, 
al  and  a8  homomer  channels  close.  This  is  the  opposite  of  the  rectification  exhibited 
by  NMDA  receptors.  Neuronal  «4p2  AChRs,  like  al  homomers,  exhibit  rectifica¬ 
tion,  by  contrast  with  muscle  type  AChRs,  as  shown  in  Figure  7.  Curiously,  both  the 
rapid  desensitization  and  inward  rectification  combine  to  minimize  sustained  ion  flux 
through  these  channels.  These  self-limiting  responses  seem  especially  curious  when 
considering  the  case  of  al  AChRs  at  extrasynaptic  locations  removed  from  obvious 


sources  of  ACh.  .  .  , 

The  al  AChRs  have  been  histologically  localized  by  binding  of  [1Z5I]aBgt  and 
mAbs,50-52-69-89  and  by  in  situ  hybridization.65  In  rat  brain  al  is  prominent,  for  example 
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a4(32  alplY8 
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FIGURE  5.  Comparison  of  the  fraction  of  the  current  carried  by  Ca2+  for  AChRs  expressed  in 
Xenopus  oocytes  by  chicken  al  homomers,  chicken  a4(32  AChRs,  and  Torpedo  AChRs. 

Note  that  a  much  larger  fraction  of  the  total  current  through  al  homomers  is  carried  by  Ca- 
than  is  the  case  with  the  other  AChR  subtypes.  This  is  consistent  with  other  observations  m 
oocytes  and  neurons.65-82  All  extracellular  cations  were  replaced  by  200  mM  sucrose  leaving 
only  1.8  mM  Ca  Cl2  in  the  bathing  solution. 


110 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


in  the  hippocampus.65,89  This  is  a  region  not  rich  in  a4$2  AChRs,46  but  rich  in  NMDA 
receptors.  Albuquerque  and  co-workers  have  found  a7-like  AChR  function  to  be 
present  on  nearly  all  hippocampal  neurons  in  tissue  culture.86-88 

The  a8  subunits  have  been  immunohistologically  localized  in  chick  brain  and 
retina.50-52,69  a3,  al,  a8,  and  (32  have  also  been  immunohistologically  localized  in 
chick  brain  and  retina.33,49-52,69,90-92  Double-labeling  studies  have  been  employed  to 
co-localize  different  subunits  to  particular  cells.91  Developmental  studies  in  retina 
have  traced  the  early  development  of  neurons  expressing  a8  and  a3  subunits  starting 
from  embryonic  day  4.5.92  Various  types  of  amacrine  and  ganglion  cells  contain  a3, 
(32,  a7,  and  a8  subunits,  whereas  bipolar  cells  have  only  a8  subunits.91  High- 
resolution  localization  of  these  AChRs  in  combination  with  electrophysiological 
studies  will  be  necessary  to  understand  their  physiological  roles. 

Chick  cochlear  hair  cells  were  shown  by  Fuchs  and  co-workers  to  exhibit  a 
response  to  ACh  from  efferent  endings  of  brain  stem  neurons  which  could  be 
blocked  by  aBgt.93,94  This  response  exhibits  several  interesting  properties  which 
might  exemplify  the  sorts  of  synaptic  mechanisms  in  which  a 7  and  a8  AChRs  may 
participate.  It  was  found  that  ACh  invoked  Ca2+  influx  through  these  AChRs  which 
resulted  in  a  long-lasting  inhibitory  hyperpol arizing  response  due  to  activation  of 
Ca2+-dependent  K+  channels.  These  AChRs  could  be  blocked  by  aBgt,  curare, 
atropine,  and  strychnine.  We  found  that  cochlear  sensory  epithelium  contains  al 
mRNA  and  have  immunoisolated  al  but  not  a8  or  al  AChRs  from  cochlear  sensory 
epithelium.95  These  immunoisolated  cochlear  AChRs  display  pharmacological  prop¬ 
erties  identical  to  those  of  brain  al  AChRs.  Newly  identified  a9  AChRs  have  also 
been  detected  in  rat  cochlear  hair  cells,  and  their  pharmacology  closely  resembles 
that  observed  in  chick  cochlea.96  Thus,  hair  cells  express  several  AChR  subunits. 


Typical  Responses 
To  Saturating  Concentrations 
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FIGURE  6.  Comparison  of  rates  of  desensitization  of  chicken  al  homomers,  chicken  a4(32 
AChRs,  and  Torpedo  od(31yS  AChRs  expressed  in  Xenopus  oocytes.  Note  that  al  homomers 
desensitize  much  more  rapidly  than  the  other  AChR  subtypes.  The  rate  of  desensitization  may 
be  underestimated  due  to  the  time  necessary  to  perfuse  the  oocytes. 
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FIGURE  7.  Comparison  of  rectification  properties  of  chicken  al  homomers,  chicken  «4f$2 
AChRs,  and  Torpedo  ocipiyS  AChRs  expressed  in Xenopus  oocytes.  Note  that  both  neuronal  <xl 
homomers  and  a4p2  AChRs  exhibit  strong  inward  rectification  and  thus  close  their  channels  at 
depolarizing  potentials,  whereas  muscle-type  AChRs  exhibit  a  nonrectifying,  relatively  linear 
I/V  curve. 


CONCLUDING  REMARKS 

AChR  subtypes  from  muscles  and  nerves  exhibit  structural  and  functional 
homologies  dictated  by  the  common  evolutionary  origin  of  their  subunits,  but  they 
also  differ  significantly  in  important  subtleties  of  their  subunit  compositions,  pharma¬ 
cological  properties,  ion  channel  properties,  and  functional  roles.  Muscle-type 
AChR  is  the  best  characterized  ligand-gated  ion  channel,  and  is  frequently  used  as  a 
model  for  understanding  both  homologous  and  unrelated  ligand-gated  ion  channels; 
however,  as  its  structure  is  determined  with  increasing  precision,  surprises  continue 
to  be  revealed.  Much  less  is  known  about  the  structures  and  functions  of  neuronal 
AChRs,  but  it  is  likely  that  in  addition  to  serving  as  the  direct  postsynaptic  link  in 
neurotransmission  exemplified  by  muscle-type  AChRs,  some  will  also  serve  in 
different  functional  roles  to  which  their  structures  have  adapted. 
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We  are  interested  in  expressing  a  large  soluble  fragment  of  the  a-bungarotoxin 
(BGTX)  binding  domain  of  the  nicotinic  acetylcholine  receptor  (nAChR)  to  facili¬ 
tate  structural  studies  by  high-resolution  NMR  spectroscopy.1  As  such,  we  need  to 
express  the  receptor  fragment  (with  and  without  the  possibility  for  metabolic  15N 
and/or  13C  labeling)  in  multimilligram  quantities.  Toward  this  end  we  have  con¬ 
structed  a  synthetic  gene  from  overlapping  oligonucleotides  of  a  T62mer  ( Torpedo 
califomica  a-subunit  residues  143-204:  TMKLGIWTYDGTKVSISPESDRPDLST- 
FMESGEWVMKDYRGWKHWVYYTCCPDTPYLDITYH).  The  T62mer  recep¬ 
tor  gene  was  appended  to  the  C-terminus  of  gene  9  (in  plasmid  pSR9),  a  highly 
soluble  bacteriophage  T7  coat  protein,  separated  by  an  acid  cleavage  (DP)  site.  The 
expression  of  the  fusion  protein  is  cytoplasmic  in  Escherichia  coli,  and  under  the 
inducible  control  of  the  lacUV5  promoter  of  T7  RNA  polymerase  (see  Fig.  1;  a 
similar  approach  was  used  to  construct  and  express  a  synthetic  gene  for  a-BGTX).2 
Gene  9  was  chosen  as  a  fusion  partner  for  our  receptor  fragment  for  a  number  of 
reasons:  its  solubility,  its  lack  of  Cys  residues  that  could  interfere  with  the  oxidation 
of  Cys  192-193  of  the  receptor,  and  its  high  levels  of  expression  (up  to  50%  of  the 
soluble  protein)  in  other  systems.3  At  present,  we  are  able  to  obtain  gram  quantities 
of  the  fusion  protein  in  rich  media  (LB)  and  500-600  mg  in  minimal  media  (M9)  per 
2-L  fermenter  preparation. 


MATERIALS  AND  METHODS 

A  typical  protocol  for  harvesting  the  total  soluble  cytoplasmic  proteins  after 
induction  includes  centrifugation  to  pellet  the  cells,  washing  of  the  cell  pellet  in  PBS 
followed  by  resuspension  of  the  cells  in  lysis  buffer,  french  press  lysis  at  2100  psi, 
high-speed  centrifugation  to  collect  soluble  fractions  (note,  the  protein  is  not  found 
in  inclusion  bodies  in  the  pellet),  DEAE  column  to  remove  nucleic  acids,  and 

“This  work,  supported  by  grants  from  the  National  Science  Foundation  (BNS  90-21227),  the 
National  Institutes  of  Health  (GM32629),  and  a  NIH  predoctoral  training  grant  (GM07601), 
was  done  in  partial  fulfillment  of  the  requirements  for  a  Ph.D.  degree  (LNG)  from  Brown 
University. 
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FIGURE  1.  The  synthetic  gene  9/aT62  fusion  protein.  The  DNA  sequence  for  aT62  was 
derived  from  back-translation  of  the  primary  amino  acid  sequence,  and  optimized  for  codon 
usage  in  Escherichia  coll  A  DP  acid  cut  site  was  engineered  in  at  the  5'  end  of  the  T62mer 
coding  sequence  to  allow  later  liberation  of  the  62mer  from  gene  9. 


ammonium  sulfate  precipitation.  Protease  inhibitors  are  present  throughout  this 
procedure. 


RESULTS  AND  DISCUSSION 

To  ensure  that  we  were  expressing  as  much  fusion  protein  as  possible  for  our 
system,  we  performed  protein  expression  checks  of  the  cultures  derived  from  a 
number  of  different  BL21(DE3)  isolates  containing  fusion  protein  insert.  We  found, 
but  cannot  explain,  the  presence  of  both  “high”  and  “low”  expressing  colonies  from  a 
single  transformation  of  our  fusion  protein  expressing  plasmid  into  our  host  strain. 
Growth  experiments  were  performed  under  various  conditions  to  maximize  the  final 
OD60o  of  the  culture.  The  results  of  these  studies  are  shown  in  Table  1  below.  The 
greatest  yields  of  fusion  protein  were  obtained  when  the  cultures  were  grown  in  a  2-L 
bench-top  fermenter,  in  LB  media  supplemented  with  glucose.4  Under  these  condi- 


table  i.  Comparison  of  Cell  Growth  in  Various  Media 


Prep  Conditions 
(37  °C) 

Medium 

OD600  at 
Induction 

Final  Uninduced 

OD600 

Induced 

Protein 

2L/Fernbach 

LB 

0.7 

1.4 

350  mg 

2L/Fermenter 

LB 

2.4 

4.3 

470  mg 

2L/Fermenter 

LB  +  4  g  glucose 

4.7 

8.5 

1080  mg 

2L/Fermenter 

M9 

1.6 

3.7 

N/A 

2L/Fermenter 

M9  +  7.2  g  glucose  spike 
at  OD600  ~  1 

2.3 

4.8 

540  mg 

GENTILE  &  HAWROT:  EXPRESSION  LEVEL  OF  FUSION  PROTEIN 


119 


tions,  and  with  the  IPTG  induction  at  mid-log  phase,  we  harvested  >  1  g  of  total 
protein  at  the  ammonium  sulfate  precipitation  step.  We  estimate  that  approximately 
one-third  of  this  is  our  induced  fusion  protein  as  judged  by  SDS-PAGE  (further 
purification  can  be  achieved  by  FPLC  on  a  Mono-Q  column). 

As  we  are  interested  in  15N  and/or  13C  metabolic  labeling  of  our  receptor 
fragment  for  NMR  studies,  it  is  important  that  we  can  express  high  levels  of  the 
fusion  protein  in  a  defined  medium.  From  2-L  cultures  grown  in  M9  medium,  where 
NH4C1  is  the  only  source  of  nitrogen  and  either  glucose  or  NaOAC  are  the  only 
sources  of  carbon,  we  obtained  >  0.5  g  of  our  fusion  protein.  Although  it  may  be 
possible  to  increase  the  levels  of  expression  even  further  by  monitoring  the  glucose 
level  in  the  fermenter  and  supplying  the  bacteria  with  increased  O2,  the  inexpensive 
modifications  made  above  should  enable  us  to  produce  the  materials  needed  for 
structural  studies. 
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One  of  the  fundamental  problems  of  receptor  biology  concerns  the  interrelation¬ 
ships  of  the  receptor  agonist  recognition  site  to  voltage-dependent  ion  channels 
associated  with  excitability  and  other  bioelectric  phenomena.  There  are  two  known 
classes  of  receptors  within  the  nervous  system:  those  in  which  the  ion  channels  are  an 
integral  component  of  the  receptor  complex  comprising  multiple  subunits  and  those 
in  which  receptors  are  linked  to  ion  channels  via  G-proteins.  The  former  includes  the 
nicotinic  cholinergic,  gabaminergic,  glycinergic,  and  glutaminergic  receptors,  and 
comprises  a  superfamily  with  remarkable  sequence  homology  in  the  (3  subunits  and 
the  seven  membrane-spanning  regions.1  The  G-coupled  receptors,  which  are  a  far 
more  extensive  group  for  endogenous  mediators,  include  muscarinic  cholinergic, 
biogenic  amines  (catecholamines  and  serotonin),  peptides,  hormones,  and  growth 
factors.  In  the  Torpedo  membrane  the  ionic  pore  results  from  the  pentameric  array  of 
the  nAChR  subunits.2  Although  neuronal  nAChR  receptors  are  composed  of  only  a 
and  (3  subunits,  lacking  the  8  and  7  subunits  of  the  Torpedo  nAChR,  the  high  degree 
of  sequence  homology  in  uncharged  segments  of  the  membrane-spanning  regions  of 
all  four  subunits3  is  suggestive  of  ion-channel  functional  homology  in  all  nAChRs. 
The  issue  of  whether  the  nAChR  ion  channel  comprises  a  single  or  multiple  subunits 
is  still  unresolved. 

Subtypes  of  nAChR,  comprising  0:7  or  a«  subunits  and  exhibiting  a  high  affinity 
for  a-bungarotoxin  and  a  low  affinity  for  nicotine,  have  been  shown  to  contain 
ligand-gated  Ca2+  ion  channels.4  It  remains  to  be  determined  whether  the  nAChR 
receptors  in  chick  ciliary  ganglion,  which  contain  voltage -gated  Ca2+  channels  that 
may  be  associated  with  signaling  function  as  well  as  synaptic  transmission,  comprise 
a7  or  as  subunits.5 


REGULATION  OF  ION  CHANNELS  BY  G-PROTEINS 

Ion  conductance  within  nicotinic  cholinergic  (nAChR)  and  excitatory  amino  acid 
receptors  results  directly  from  conformational  changes  in  the  receptor  protein 


“This  research  was  supported  by  National  Institutes  of  Health  grant  DA  00464.  N.L.-M.  was 
a  fellow  on  National  Institute  on  Drug  Abuse  training  grant  DA  07232. 
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complex,  whereas  K+  conductance  initiated  by  muscarinic  cholinergic  receptors, 
such  as  the  M2  subtype  in  heart  muscle,  is  mediated  via  a  pertussin  toxin-sensitive 
G-protein  coupled  to  the  ion  channel.6  Although  some  controversy  remains  regard¬ 
ing  a  direct  G-protein  gating  of  ion  channels,  the  most  definitive  evidence  for  the 
hypothesis  derives  from  inside-outside  membrane  patch  studies  in  muscarinic- 
sensitive  heart  muscle  demonstrating  that  the  application  of  either  the  GTPgS 
subunit  or  a  purified  pertussis  toxin  Grprotein  purified  from  erythrocytes  results  in 
activation  of  K+  channels.7’8  In  contrast  to  atrium,  where  a  Grprotein  is  involved,  the 
muscarinic  sensitive  K+  channel  in  hippocampal  neurons  is  coupled  to  Go9- 

When  expressed  in  Xenopus  oocytes,  the  a7  subunit,  unlike  other  nAChR 
subtypes,  exhibits  significant  agonist-mediated  Ca2+  conductance  (Table  1).  A 
major  portion  of  the  current  through  the  a7  channels  is  carried  by  Ca2+,  and  the 
incoming  Ca2+  in  turn  activates  Ca2+-dependent  Cl"  conductance.  Agonist  activa¬ 
tion  results  in  a  biphasic  current  consisting  of  an  initial  inward  current  through  a7 
channels  followed  by  an  outward  current  through  Ca2+ -dependent  Cl"  channels.10  It 
has  been  speculated  that  the  a7  homoligomer,  which  is  present  in  a  number  of  limbic 


table  i.  Ion  Permeability  Associated  with  Various  nAChR  Subtypes 


Subtype 

Ions 

Source 

04 

Ca2+ 

Ganglia 

a? 

Voltage-gated  Ca2+ 
Ca2+-dependent  Cl" 

Hippocampus,  cochlea 

a8 

Same  as  aj 

Chick  retina 

Inhibitory 

Rat  dorsolateral  septal 
nucleus 

012-04 

Excitatory 

Rat  medial  vestibular 
nucleus 

Cation  selective 

Cardiac  ganglion 

04 

Cs+,  Na+,  Ca2+ 

Pci/PNa  =  0.05 

system  areas,  may  be  involved  in  the  activation  of  Ca2+ -dependent  mechanisms; 
however,  it  is  difficult  to  reconcile  this  notion  with  the  observation  that  a-bunga- 
rotoxin  was  pharmacologically  inactive  when  administered  intraventricularly  in  high 
concentrations  to  rats.11  Both  an  a-bungarotoxin  sensitive  and  a-bungarotoxin- 
insensitive  (a3p4)  nAChR  have  been  found  in  chick  ciliary  ganglion;  the  former  is 
synaptic  in  origin  and  exhibits  agonist-mediated  voltage  sensitive  Ca2+  permeability, 
whereas  the  latter  is  monosynaptic  and  exhibits  voltage-insensitive  Ca2+  permeabil¬ 
ity.12  Acetylcholine  or  nicotine-evoked  currents  in  cultured  neurons  dissociated  from 
rat  parasympathetic  cardiac  ganglia  exhibited  a  strong  inward  rectification  and 
cation  selectivity;  the  permeabilities  of  Cs+,  Ca2+,  and  Na+  were  comparable,  and 
the  Cl"  permeability  was  one-twentieth  of  that  of  Na+.13  Because  the  response  was 
inhibited  by  both  mecamylamine  and  hexamethonium  in  a  dose-dependent  manner, 
it  was  concluded  that  the  ACh-activated  ion  channels  of  the  postganglionic  neurons 
are  mediated  by  nAChRs.  A  summary  of  the  voltage-gated  ion  channels  of  the 
nAChR  is  presented  in  Table  1. 
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[3H]  MECAMYLAMINE  AS  A  LIGAND  FOR  ION  CHANNELS 

OF  THE  nAChR 

Mecamylamine,  which  had  been  originally  developed  as  a  ganglionic  blocking 
agent,14  is  an  antagonist  to  the  peripheral  and  central  actions  of  nicotine.  It  has  been 
shown  to  block  acetylcholine-induced  currents  in  crustacean  muscle  in  a  concentra¬ 
tion-  and  voltage-dependent  manner;  recovery  of  the  blockade  requires  the  presence 
of  an  agonist.15  Because  mecamylamine  has  a  very  low  affinity  (Kj  >  1  x  10_4M)for 
the  nAChR  recognition  site,  it  appears  to  be  a  noncompetitive  inhibitor.  Mecamyl¬ 
amine  and  pempidine  have  been  shown  to  noncompetitively  inhibit  86Rb  flux  in 
mouse  brain  synaptosomes.16  On  the  basis  of  pharmacological  studies  with  various 
mecamylamine  and  pempidine  derivatives  exploring  the  structural  requirements  for 
nicotine  agonists  and  agonits,  it  was  inferred  that  mecamylamine  exhibited  both 
competitive  and  noncompetitive  properties  in  antagonizing  the  central  effects  of 
nicotine.17 

[3H]Mecamylamine  binding  studies  have  recently  been  employed  to  investigate 
the  characteristics  of  the  nAChR  ion  channels.18,19  Although  [3H]mecamylamine 
binding  is  displaceable  by  mecamylamine  in  the  submicromolar  range  and  correlates 
well  with  the  pharmacological  efficacy  of  agents  structurally  related  to  mecamyl¬ 
amine,  the  method  has  some  limitations.18  Binding  is  sensitive  to  very  low  concentra¬ 
tions  of  monovalent  and  divalent  inorganic  cations,  Ca2+  and  Mg2+;  and  although  the 
sensitivity  to  inorganic  cations  is  to  be  expected  of  a  ligand  acting  at  voltage -gated  ion 
channels,  it  is  difficult  to  control  for  variations  in  ionic  strength  contributed  by  the 
test  ligands  (Fig.  1).  The  method  is  suitable,  however,  for  ligands  structurally  related 
to  mecamylamine.  Inasmuch  as  [3H]mecamylamine  binding  is  equally  sensitive  to 
Na+,  K+,  and  Rb+,  there  appears  to  be  no  selectivity  for  monovalent  ions. 


CORRELATION  OF  [3H]  MECAMYLAMINE  BINDING  WITH  ANTAGONISM 
OF  NICOTINE’S  PHARMACOLOGICAL  ACTION 

With  a  series  of  mecamylamine,  pempidine,  and  camphene  derivatives  a  reason¬ 
ably  good  correlation  was  found  between  the  K;  values  for  [3H]mecamylamine 


b  Tris 
—  Na  or  K 
■tJ —  Ca 


FIGURE  1.  Effect  of  concentration  of  Tris  and  inorganic  cations  on  [3H]mecamylamine 
binding  to  calf  brain  membranes. 
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I  .dimetisocamphene 

2. mecamylamine 

3. pempidine 

4. normecamylamine 

5. norpempidine 

6. cocaine 

7. aminonorbornane 

8. cyclohexylamine 

9. amantadine 

10.  atropine 

I I  .trihexylphenidyl 
12.verapamil 


0.0  0.2  0.4  0.6  0.8  1.0  1.2 

BEHAVIORAL  POTENCY 

FIGURE  2A.  Plot  of  IC50  for  [3H]mecamylamine  binding  versus  antagonism  of  nicotine 
behavioral  effects  of  various  antagonists.  Behavioral  potency  is  expressed  relative  to  mecamyl- 
amine  as  1.  Mice  were  given  10  (xmoles/kg  nicotine  intraperitoneally  followed  by  50  pmoles/kg 
of  test  agent  after  occurrence  of  behavioral  effects,  which  included  prostration,  tremors, 
seizures,  straub  tail,  respiratory  depression,  and  decreased  motor  activity.  Five  mice  were  used 
for  each  agent.  Procedures  for  [3H]mecamylamine  binding  and  behavioral  measurements  are 
described  elsewhere.27 
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binding  and  the  ability  of  the  agents  to  block  nicotine-induced  prostration  and 
seizures  in  rats;  however,  a  number  of  structurally  and  pharmacologically  unrelated 
agents,  including  various  nicotine  analogues,  had  K;  values  in  the  p.M  range  (Figs. 
2 A  and  2B).  Cocaine,  which  appears  to  block  nicotine-induced  prostration,  but  not 
seizures,  has  a  Kj  value  over  a  magnitude  greater  than  that  for  mecamylamine, 
whereas  the  muscarinic  antagonists,  atropine  and  trihexylphenidyl,  are  ineffective 
against  nicotine’s  action. 


COMPARISON  OF  [3H]  MECAMYLAMINE 
WITH  [3H]  METHYLCARBAMYLCHOLINE 
AND  [3H] (R,S)-3-PYRIDYL-l-[3H]METHYL-2-AZETIDINE 
BINDING  IN  VARIOUS  REGIONS  OF  CALF  BRAIN 


Because  the  density  of  nAChRs  showed  marked  variations  in  the  various  brain 
regions,  a  comparison  of  the  extent  of  [3H]mecamylamine  with  [3H]methylcarbamyl- 
choline  ([3H]MCC)  binding  may  help  resolve  the  issue  concerning  the  significance  of 
the  [3H]mecamylamine  binding  in  relation  to  nAChR  function.  The  aim  of  the  study 
was  to  compare  [3H]mecamylamine  binding  to  membranes  from  various  calf  brain 
regions  with  the  binding  of  two  different  receptor  ligands,  one  chemically  related  to 
acetylcholine  and  the  other  to  nicotine.  A  comparison  of  the  [3H]MCC  and  [3H](R,S)- 
3-pyridyl-l-[3H]methyl-2-azetidine  ([3H]MPA)  (a  nicotine  analogue20)  binding  in 
membranes  from  various  calf  brain  regions  revealed  that  the  density  of  nAChR 
receptors  was  threefold  greater  in  striatum  and  substantia  nigra  compared  to  frontal 
cortex,  hippocampus,  and  locus  coeruleus,  whereas  the  density  in  the  cerebellum  was 
one-tenth  that  of  the  frontal  cortex  (Table  2).  With  [3H]MPA  as  the  ligand,  total 
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FIGURE  2B.  Ion  channel  blockers  for  nicotinic  receptors.  Chemical  structures  of  mecamyl- 
amine  analogues  and  related  agents. 


binding  in  the  various  brain  regions  was  comparable  to  that  observed  with  [3H]MCC, 
with  some  notable  exceptions.  The  extent  of  [3H]MPA  binding  in  the  cerebellum  was 
33%  that  of  the  frontal  cortex  as  compared  to  10%  seen  with  [3H]MCC,  whereas  the 
density  of  [3H]MPA  binding  in  the  locus  coeruleus  was  40%  that  in  the  frontal  cortex. 
[3H]MCC  binding  in  the  substantia  nigra  was  greater  than  that  seen  in  striatum, 
whereas  [3H]MPA  binding  was  slightly  less  in  the  substantia  nigra  than  in  the 
striatum.  The  difference  in  [3H]MCC  and  [3H]MPA  binding  in  the  various  brain 
regions  may  be  attributable  to  differences  in  the  nAChR  subtypes. 

The  saturation  plots  of  [3H]mecamylamine  binding  for  the  various  brain  regions 
show  the  greatest  binding  in  the  substantia  nigra,  intermediate  binding  in  the 


table  2.  Comparison  of  [3H]MCC  and  [3H]MPA  Binding  in  Membranes  of  Various 
Calf  Brain  Regions" 


[3H]MCC 

[3H]MPA 

fmole/mg 

%  Frontal 
Cortex 

fmole/mg 

%  Frontal 
Cortex 

Frontal  cortex 

13 

— 

15 

— 

Hippocampus 

14 

108 

14 

93 

Striatum 

35 

270 

36 

242 

Substantia  nigra 

43 

330 

33 

219 

Cerebellum 

1.3 

10 

5 

33 

Locus  coeruleus 

11.5 

90 

6 

40 

Abbreviations :  [3H]MCC:  [3H]methylcarbamylcholine;  [3H]MPA:  (R,S)-3-pyridyl-l-[3H]methyl- 
2-azetidine,  an  analogue  of  nicotine.20 

"The  results  are  an  average  of  three  separate  experiments  run  in  triplicate  and  agreeing 
within  8%. 
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FIGURE  3A.  Saturation  analysis  of  [3H]mecamylamine  binding  in  various  calf  brain  regions. 


striatum,  and  little  or  no  binding  in  the  cerebellum  within  the  1-10  nM  range  (Figs. 
3A  and  3B).  At  concentrations  of  100  nM  and  greater  no  difference  was  found  among 
the  various  brain  regions.  [3H]MCC  binding  differed  markedly  among  various  brain 
regions,  with  the  highest  density  in  the  substantia  nigra  and  striatum  and  the  lowest 
in  the  cerebellum  (Table  2).  The  rank  order  of  the  densities  of  [3H]MCC  binding  for 
the  various  tissues  is  similar  to  the  rank  order  of  densities  for  [3H]mecamylamine 
binding  in  the  lower  but  not  upper  concentration  range.  Because  a  variety  of 
alkaloids,  including  nicotine  analogues,  have  K;  values  in  the  micromolar  range  (Fig. 
2A)  but  do  not  block  the  behavioral  effects  of  nicotine,  one  might  infer  that  only 
[3H]mecamylamine  binding  occurring  near  the  submicromolar  range  is  reflective  of 
nAChRs.  It  also  appears  that  the  [3H]mecamylamine  binding  curve  is  biphasic, 
suggestive  of  lower  and  higher  affinity  sites.  It  remains  to  be  seen  whether  the  lower 
affinity  binding  is  of  any  functional  significance. 


striatum 
sub.  nigra 
cerebel. 


FIGURE  3B.  [3H]Mecamylamine  binding  in  various  calf  brain  regions.  Bar  graph  representa¬ 
tion  of  Figure  3A. 
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[3H]{R,S)-5-AMINONICOTINE  3  p3H]{R,S)-5-AZIDONICOTINE 

H 


[3H]  {R,S)-5-IODONICOTINE 

FIGURE  4.  Chemical  structures  of  [3H]-labeled  nicotine  affinity  and  photoaffinity  ligands. 


CHEMICAL  NATURE  OF  THE  nAChR  AGONIST  RECOGNITION  SITE 

The  techniques  of  affinity  labeling  and  construction  of  chimeric  receptor  subunits 
have  been  used  to  map  the  ligand  recognition  site  of  muscle  and  neuronal  nAChRs. 
The  nAChR  is  known  to  contain  a  readily  reducible  sulfhydryl  site  adjacent  to  the 
negative  site  for  acetylcholine  binding;21  alkylating  agents,  such  as  [3H]-4-(N- 
maleimido)benzyltrimethylammomium,  have  been  used  to  identify  and  purify  the 
a-subunit  of  the  Torpedo  nAChR.22  The  site  of  interaction  of  the  sulfhydryl  agent  has 
been  shown  to  be  Cysl92  and  Cysl93,  which  normally  form  a  disulfide  bond,  this 
region  in  the  vicinity  of  the  disulfide  bond  is  conserved  in  both  muscle  and  neuronal 
nAChRs.23  In  addition  to  the  Cysl92  and  Cysl93  of  the  cx-subunit,  a  number  of  other 
amino  acids  appear  to  play  a  role  in  agonist  binding  and  function,  including  Tyr89,24 
Trpl49,25  and  Tyrl98.2  Recently,  site-directed  mutagenesis  of  the  Torpedo  8  subunit 
has  demonstrated  the  involvement  of  the  acidic  residues,  Aspl80  and  Glul89,  for 
acetylcholine  binding.25  A  schematic  model  for  the  nAChR  has  been  proposed  in 
which  acetylcholine  is  bound  in  the  Aspl80-Glul89  region  and  surrounded  by  an 
array  of  other  amino  acids  (Cysl92,  Cysl93,  Tyr93,  Trpl49,  and  Tyrl98)  that 
contribute  to  its  binding.26  The  structural  perturbation  resulting  from  the  interaction 
of  acetylcholine  with  this  array  of  amino  acids  is  then  transmitted  to  the  ion  channel 
to  somehow  regulate  ion  conductance. 


(R,S)-5-ISOTHIOCYANONICOTINE  AND  [3H]NICOTINOID  PHOTOAFFINITY 
LIGANDS  AS  TOOLS  FOR  PROBING  nAChRs 

As  part  of  an  effort  to  examine  the  specificity  of  nicotine  for  nAChR  subtypes  and 
determine  its  sites  of  interaction  a  series  of  unlabeled  and  [3H]-labeled  nicotine 
affinity  ligands  were  prepared26-27  (Fig.  4).  The  most  useful  ligand  was  (R,S)-5- 
isothiocyanonicotine  (SCN-nic),  which  was  found  to  irreversibly  inhibit  the  binding 
of  [3H]MCC  to  brain  membranes  in  the  nanomolar  range.  SCN-nic  also  inhibited 
mouse  brain  nicotinic  receptors  in  vivo  in  a  dose -dependent  manner,  the  inhibition 
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being  50%  at  a  dose  of  20  mmoles/kg.  Behavioral  studies  in  mice  revealed  that 
SCN-nic  had  less  than  one-fifth  the  potency  of  nicotine  in  producing  muscle 
weakness  and  seizures  with  a  considerably  greater  duration  of  action.  Other  nicoti- 
noids  included  three  photoaffinity  agents:  [3H-1  '](R,S)-5-azidonicotine,  [3H-1  ’](R,S)- 
5-iodononicotine,  and  [3H-l'](R,S)-5-aminononicotine. 

Photolysis  of  iodoaryl  compounds  results  in  cleavage  of  iodide  to  form  an  aryl 
radical,28  which  is  capable  of  extracting  H  from  SH,  NH2,  and  OH  groups  of  amino 
acids,  whereas  photolysis  of  aryl  amines  is  believed  to  result  in  the  extraction  of  an 
amino  H  to  form  a  aryl  imino  cation.29  Photolysis  of  membrane  preparations  in  the 
presence  of  10  p,M  [3H](R,S)-5-iodononicotine,  [3H](R,S)-5-azidonicotine,  and 
[3H] (R,S)-5-aminonicotine  resulted  in  46,  4,  and  23%  inhibition  of  [3H]MCC  bind¬ 
ing,  respectively,  as  compared  with  13,  42,  and  2%  inhibition  of  pH]3-quinuclidinyl- 
benzilate  ([3H]QNB). 


EFFECT  OF  DITHIOTHREITOL  ON  INHIBITION  OF  [3H]MCC 
BINDING  BY  NICOTINE  AFFINITY  LIGANDS 

The  IC50  for  irreversible  inhibition  of  [3H]MCC  SCN-nic  was  recently  shown  to 
be  1  x  10'7  M  in  the  absence  of  dithiothreitol  (DTT)  and  2  x  10~9  M  in  its 
presence.27  It  was  also  observed  that  alkylation  of  SH  groups  by  N-ethylmaleimide 
did  not  alter  the  inhibition  of  [3H]MCC  binding  by  SCN-nic  (Fig.  5).  Pretreatment  of 
calf  brain  cortical  membranes  with  DTT  prior  to  photolysis  also  resulted  in  a  marked 
increase  in  the  inhibition  of  [3H]MCC  binding  by  (R,S)-5-azidonicotine  with  no 
effect  on  the  inhibition  of  [3H]QNB  binding.  The  findings  are  consistent  with  the 
notion  that  a  vicinal  disulfide  bond  is  involved  in  agonist  binding  to  brain  nAChRs, 
and  although  the  presence  of  free  SH  groups  enhances  the  covalent  interaction  of 
SCN-nic,  they  are  not  required  for  the  covalent  interaction  of  SCN-nic.  The  inability 
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FIGURE  5.  Effect  of  dithiothreitol  (DTT)  and  N-ethylmaleimide  (NEM)  on  the  irreversible 
inhibition  of  [3H]MCC  binding  by  SCN-nic.  Membranes  of  calf  frontal  cortex  were  incubated 
with  either  1  mM  DTT  or  3  mM  NEM  for  30  min  at  room  temperature,  centrifuged  and  washed 
once  with  0.04  mM  sodium  phosphate,  pH  7.0,  exposed  to  varying  concentrations  of  SCN-nic, 
and  washed  three  times  before  determining  [3H]MCC  binding.  The  results  are  an  average  of 
three  separate  experiments  in  triplicate,  agreeing  within  7%.  Experimental  details  are  de¬ 
scribed  elsewhere.18 
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of  DTT  to  alter  the  photolytic  inhibition  of  (R,S)-5-iodononicotine  and  (R,S)-5- 
aminonicotine  also  supports  the  notion  that  SH  groups  are  not  involved  in  the 
reactivity  of  the  photoreactive  nicotinoids  with  nAChRs.  Photolabeling  with  pH]ni- 
cotine  has  been  shown  to  primarily  involve  Tyr-198.30  Both  the  pyridine31  and 
pyrrolidine32  rings  of  nicotine  appear  to  participate  in  radical  mediated  photoreac¬ 
tions;  however,  information  on  the  nature  of  the  reactions  involved  is  lacking.  The 
present  finding  that  the  presence  of  either  an  iodo  or  amino  group  in  position  5 
significantly  increases  the  photoreactivity  of  the  nicotine  molecule  supports  the 
notion  that  the  pyridine  ring  is  involved. 


EFFECT  OF  DITHIOTHREITOL  TREATMENT  ON  IRREVERSIBLE 
INHIBITION  OF  [3H]MCC  AND  [3H]MPA  BINDING  BY  SCN-NIC 

To  further  explore  the  involvement  of  SH  groups  in  the  ligand  binding  region  of 
nAChRs,  a  study  was  undertaken  to  determine  the  effect  of  DTT  treatment  on 


table  3.  Effect  of  Dithiotreitol  on  SCN-nic  Inhibition  of  [3H]MCC  and  pH]MPA 
Binding  to  Membranes  from  Various  Calf  Brain  Areas0 _ __ 


Brain  Area 

[3H]MCC 
IC50  nM 

(3H]MPA 
IC50  nM 

Control 

DTT 

Change 

Control 

DTT 

Change 

Frontal  cortex 

100 

2 

50-fold 

10 

5 

2-fold 

Striatum 

98 

10 

10-fold 

100 

30 

3.3-fold 

Substantia  nigra 

90 

12 

7.5-fold 

80 

60 

1.3-fold 

Locus  coeruleus 

75 

10 

7.5-fold 

80 

80 

0 

"Membranes  were  exposed  to  2  mM  DTT  and  washed  once  with  0.04  mM  sodium  phosphate, 
pH  7.5.  They  were  then  exposed  to  various  concentrations  of  SCN-nic,  washed  thrice,  and 
measured  for  [3H]MCC  and  [3H]MPA  binding.  The  results  are  an  average  of  three  separate 
experiments  run  in  triplicate  and  agreeing  within  8%.  DTT,  dithiotreitol;  SCN-nic,  (R,S)-5- 
isothiocyanonicotine. 


irreversible  inhibition  of  [3H]MCC  and  [3H]MPA  binding  by  SCN-nic  for  various  calf 
brain  regions.  The  enhancement  of  SCN-nic  inhibition  by  DTT  was  significantly 
greater  for  [3H]MCC  than  for  [3H]MPA  binding;  the  frontal  cortex  showed  a  50-fold 
enhancement  and  other  brain  regions  from  7.5-10-fold  (Table  3).  Only  a  slight 
enhancement  in  the  irreversible  inhibition  was  noted  with  [3H]MPA  as  the  ligand. 
The  findings  are  consistent  with  the  notion  that  the  two  radioligands  differ  in  their 
affinity  to  nAChR  subtypes. 


NEURONAL  nAChR  SUBTYPES  THAT  ARE  RESISTANT 
TO  SULFHYDRYL  REAGENTS 

Although  the  disulfide  bond  at  positions  192  and  193  of  the  a  subunit  is  required 
for  activation  of  the  skeletal  muscle  nAChR,  the  requirement  for  the  vicinal  cystine 
residue  appears  to  be  different  for  the  various  neuronal  nAChR  subtypes.  It  has  been 
shown  that  agonist  activation  of  an  inhibitory  nAChR  in  the  rat  dorsolateral  septal 
nucleus  is  unaffected  by  DTT  followed  by  alkylation  of  disulfide  bonds  by  bromoace- 
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table  4.  Effect  of  Dithiotreitol  on  [3H]MCC  and  [3H]MPA  Binding  to  Membranes 
from  Various  Calf  Brain  Regions" 


Brain  Area 

[3H]MCC 

(pmole/mg) 

[3H]MPA 

(pmole/mg) 

Control 

DTT 

%  Change 

Control 

DTT 

%  Change 

Frontal  cortex 

12.2 

6.2 

-49 

11.4 

5.2 

-54 

Striatum 

32.5 

15.0 

-54 

32.0 

33.0 

+3 

Substantia  nigra 

42.0 

26.5 

-40 

40.2 

36.5 

-10 

Locus  coeruleus 

11.2 

11.3 

0 

6 

6.2 

0 

"Membranes  were  exposed  to  2  mM  dithiothreitol  (DTT)  for  30  min  and  washed  twice  with 
0.04  mM  sodium  phosphate,  pH  7.5,  prior  to  determining  receptor  binding.  The  results  are  an 
average  of  three  separate  experiments  run  in  triplicate  and  agreeing  within  7%. 


tylcholine;  however,  an  excitatory  nAChR  in  the  rat  medial  vestibular  nucleus  is 
inhibited  upon  treatment  with  DTT.33  Because  the  septal  nucleus  does  not  appear  to 
contain  a2,  a3,  or  a4  subunits,  but  does  contain  (32  subunits,34  it  was  suggested  that  a 
novel  inhibitory  receptor  contains  a  (32  subunit. 

To  explore  further  the  possibility  that  [3H]MCC  and  [3H]MPA  differ  in  their 
affinities  for  nAChR  subtypes  we  examined  the  effect  of  DTT  on  [3H]MCC  and 
[3H]MPA  binding  in  various  regions  of  calf  brain  (Table  4).  With  [3H]MCC  as  the 
ligand,  binding  was  inhibited  40-50%  in  all  brain  regions  except  the  locus  coeruleus. 
With  [3H]MPA  as  the  ligand,  the  only  brain  region  inhibited  was  the  frontal  cortex. 
The  findings  are  suggestive  of  differences  in  the  nAChR  subtypes  in  the  various  brain 
regions  and  in  the  affinity  of  the  two  ligands  for  the  subtypes. 


EFFECT  OF  SCN-NIC  ON  [3H]  MECAMYLAMINE  BINDING 

A  study  was  undertaken  to  determine  if  SCN-nic  affected  [3H]mecamylamine 
binding  to  calf  brain  membranes.  Calf  brain  membranes  were  treated  with  1  x  10~5 
M  SCN-nic  to  completely  inhibited  [3H]MCC  binding,  and  then  assayed  for  [3H]meca- 
mylamine  binding.  A  plot  of  the  %  inhibition  of  binding  versus  concentration  of 
unlabeled  mecamylamine  showed  only  25%  inhibition  at  1  x  10~5  M  and  none  at  1  x 
10~6  M  (data  not  shown).  It  was  also  found  that  [3H]mecamylamine  binding  was 
unchanged  in  membranes  photolytically  exposed  to  5-azidonicotine  and  the  other 
nicotine  photoaffinity  ligands.  This  finding  indicates  that  the  site  of  interaction  of 


table  s.  Reaction  of  [3H]SCN-nic  Labeled  Proteins  from  Rat  Brain  Cortex  with 
Antibodies  of  nAChR  Subunits" 


nAChR  Subunit 

Reaction 

a3 

+ 

04 

+ 

O? 

+ 

— 

p2 

— 

"Membranes  from  whole  rat  brain  were  labeled  with  [3H]SCN-nic,  separated  by  SDS-gel 
electrophoresis,  transferred  to  nitrocellulose  membranes,  and  exposed  to  1:5000  dilution  of 
antibodies.  Immunoblots  were  compared  with  [3H]SCN-nic  labeled  bands  from  radiograms  of 
duplicate  gels.  The  chicken  monoclonal  antibodies  were  a  gift  of  Jon  Lindstrom. 
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mecamylamine  with  neuronal  nAChRs  is  distinct  from  that  of  the  nicotinic  recogni¬ 
tion  site.  Furthermore,  occupancy  of  the  recognition  site  by  a  variety  of  covalent 
nicotine  ligands  does  not  affect  the  interaction  of  mecamylamine  with  the  nAChR 
receptor.  Although  there  are  limitations  to  the  use  of  [3H]mecamylamine  to  deter¬ 
mine  the  allosteric  sites  of  nAChRs,  mecamylamine  and  related  nicotine  antagonists 
with  Kj  values  of  10  p-M  or  lower  appear  to  correlate  reasonably  well  with  their  ability 
to  antagonize  the  pharmacological  effects  of  nicotine. 


REACTION  OF  ANTIBODIES  OF  nAChR  SUBUNITS 
TO  [3H]SCN-NIC  LABELED  PROTEINS 

A  study  was  performed  to  determine  which  nAChR  subunits  were  labeled  by 
[3H]SCN-nic.  Membranes  from  whole  rat  brain  were  labeled  with  [3H]SCN-nic, 
separated  by  acrylamide  SDS-gel  electrophoresis,  transferred  to  nitrocellulose  mem¬ 
branes,  and  exposed  to  1:5000  dilution  of  the  antibodies.  Immunoblots  obtained  with 
various  monoclonal  antibodies  derived  from  chicken  nAChR  subunits  (gift  of  Jon 
Lindstrom)  were  compared  with  specifically  [3H]SCN-nic  labeled  bands  on  radio¬ 
grams  of  duplicate  gels.  A  positive  reaction  was  obtained  with  a3,  a4  and  a7  subunits, 
whereas  a8,  and  p2  subunits  were  negative  (Table  5).  The  findings  support  the 
notion  that  [3H]SCN-nic  has  selectivity  for  some  of  the  neuronal  nAChR  subunits. 

In  summary,  some  novel  affinity  and  photoaffinity  nicotine  analogues  have  been 
utilized  to  examine  the  receptor  binding  characteristics  of  membranes  prepared 
from  various  calf  brain  regions.  A  re-examination  of  the  use  of  [3H]mecamylamine  as 
a  probe  for  the  ion  channel  of  nAChRs  suggests  that  its  usefulness  is  limited  to 
analogues  of  mecamylamine  and  pempidine  with  Ki  values  in  the  micromolar  range. 
Immunoblot  studies  with  [3H]SCN-nic  and  the  differences  observed  in  the  reactivity 
of  the  nicotine  affinity  ligands  and  the  binding  affinities  of  [3H]MCC  and  [3H]MPA  in 
various  calf  brain  regions  suggest  that  various  ligands  may  prove  useful  in  character¬ 
izing  nAChR  subtypes. 
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The  nicotinic  acetylcholine  receptors  (AChRs)  are  formed  by  different  combinations 
of  homologous  subunits:  this  is  the  structural  basis  for  their  pharmacological 
heterogeneity.  The  AChR  has  two  binding  sites  for  agonists  and  competitive 
antagonists  that  reside  primarily  on  the  two  AChR  a  subunits.  Inasmuch  as  the  sites 
are  at  the  interface  between  an  a  subunit  and  a  neighboring  one,  non-a  subunits  also 
contribute  to  their  formation  and  influence  the  pharmacological  properties  of  the 
resulting  AChR  (for  review  see  ref.  1). 

The  a  subunit  of  Torpedo  AChR  was  first  identified  as  contributing  structural 
elements  of  cholinergic  sites  recognized  by  snake  a-neurotoxins,  such  as  a-bunga- 
rotoxin  (ot-BTX),  because  Torpedo  AChR  expressed  in  Xenopus  oocytes  does  not 
bind  a-BTX  unless  the  a  subunit  is  expressed,2  and  the  denatured  isolated  a  subunits 
binds  [I25I]a-BTX,3-5  thus  indicating  that  one  or  more  continuous  segment(s)  of  its 
sequence  contributes  to  the  a-BTX  binding  site. 

In  this  paper  we  focus  on  the  studies  we  carried  out,  using  a  synthetic  peptide 

aThe  studies  reported  here  were  supported  in  part  by  the  U.S.  National  Institute  on  Drug 
Abuse  program  project  grants  5P01-DA05695  and  1P01-DA08131  (to  B.M.C-T.). 
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approach,  on  the  structural  elements  contributed  by  the  a  subunits  of  different 
AChR  isotypes  to  the  binding  sites  for  for  a-  and  K-neurotoxins  from  snake  venoms, 
and  for  monoclonal  antibodies  (mAbs)  able  to  compete  with  cholinergic  ligands. 

Using  libraries  of  overlapping  synthetic  peptides  corresponding  to  the  deduced 
amino  acid  sequences  of  different  AChR  ct  subunits,  we  first  identified  sequence 
regions  of  different  peripheral  and  neuronal  a  subunits  able  to  bind  cholinergic 
probes,  such  as  a-  or  K-neurotoxins  or  cholinergic  competitive  mAbs,  in  the  absence 
of  other  surrounding  structural  elements  (prototopes6'7),  which  are  therefore  likely 
to  contribute  to  the  formation  of  cholinergic  binding  sites.  We  then  used  single¬ 
residue  substituted  peptide  analogues  of  these  segments  to  identify  structural 
requirements  for  binding  of  different  cholinergic  probes.8-19 

These  studies  were  carried  out  on  different  a  subunit  isotypes  contributing  to 
AChRs  with  different  pharmacological  properties.  The  results  allow  construction  of 
possible  models  of  the  cholinergic  sites,  and  shed  light  on  the  structural  features 
underlying  the  pharmacological  heterogeneity  of  peripheral  and  neuronal  AChRs. 


SUBUNIT  COMPOSITION  OF  AChRs  FROM  PERIPHERAL 
AND  NEURONAL  TISSUES:  DIFFERENT  SUBTYPES 
OF  a  AND  p  SUBUNITS 

AChR  from  peripheral  tissues  such  as  fish  electric  organ  and  vertebrate  striated 
muscle  comprise  four  subunits  in  a  stoichiometry  a2p7(or  €)§  (reviewed  in  ref.  1). 
Different  a  and  p  subunit  isoforms  have  been  described  in  Xenopus 20  and/or 
mammalian  muscle,21-22  but  their  functional  significance  is  not  known. 

Several  AChR  subunits  have  been  identified  and  sequenced  from  neurons 
(reviewed  in  ref.  1).  Neuronal  AChR  subunits  can  be  classified,  on  the  basis  of  the 
sequence  homology  among  themselves  and  with  the  subunits  of  peripheral  tissue 
AChRs,  as  a  subunits,  which  contain  within  their  N-terminal  extracellular  segment  a 
vicinal  pair  of  cysteine  residues,  the  hallmark  of  all  AChR  a  subunits,  and  (3  (or 
non-a)  subunits.  Conventionally,  muscle  AChR  subunits  are  indicated  with  the 
postscript  1  (ab  Pi),  neuronal  subunits  with  postscript  numbers  that  indicate  the 
order  in  which  a  particular  subunit  was  identified  and  sequenced.  Neuronal  subunits 
from  a2  to  a9  and  from  p2  to  p5  have  been  described  thus  far  (reviewed  in  ref.  1). 

Subunits  corresponding  to  the  muscle  7,  e,  and  5  subunits  have  not  yet  been 
described  in  neuronal  systems.  Expression  studies  demonstrated  that,  whereas 
muscle  AChRs  contain  four  different  subunits,  neuronal  AChRs  may  contain  only 
two  subunits,  a  and  P,  or  even  one  subunit  only  (a-)  (reviewed  in  ref.  1). 


FUNCTIONAL  HETEROGENEITY  IN  ACh  SUBTYPES  INDUCED 
BY  DIFFERENT  SUBUNIT  COMBINATIONS 

Functional  diversity  conferred  by  different  combinations  of  subunits  was  first 
described  for  the  AChRs  of  embryonic  and  adult  mammalian  muscle  (reviewed  in 
ref.  1).  Coexpression  of  different  neuronal  a  and  p  subunits  in  Xenopus  oocytes  also 
results  in  AChR  having  different  conductance,  open  times  and  burst  kinetics,  and 
different  pharmacology  (reviewed  in  ref.  1). 

The  a  subunit  subtype  is  most  important  in  determining  the  differential  sensitiv- 
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ity  of  the  resulting  AChR  complex  to  neurotoxins  from  invertebrates  and  snake 
venoms.  Two  classes  of  snake  neurotoxins  from  the  venoms  of  Bungarus  multicinctus, 
Bungarus  flavus,  and  different  Naja  species  distinguish  between  AChR  subtypes,  that 
is,  a-neurotoxins,  such  as  a-BTX  and  a-najatoxin  (a-NTX),  and  K-neurotoxins,  such 
as  K-bungarotoxin  (k-BTX)  and  K-flavitoxin  (k-FTX)  (reviewed  in  ref.  23)  k-BTX 
and  a-BTX  were  initially  regarded  as  specific  antagonists  of  neuronal  AChRs  and 
muscle  AChRs,  respectively  (reviewed  in  ref.  23).  Later  studies,  however,  revealed 
that  this  simple  dichotomy  does  not  hold  true  (reviewed  in  refs.  1  and  23). 

a-BTX  irreversibly  blocks  [tVi  >  200  h]  AChRs  formed  by  the  subunit  combina¬ 
tions  a^iyS  and  a^Y^  (reviewed  in  ref.  1).  Several  neuronal  AChRs  comprising 
different  a/p  subunit  combinations — a2p2,  «3p2>  a-Si,  and  «3p4 — are  insensitive  to 
a-BTX  (reviewed  in  refs.  1  and  23).  Neuronal  AChRs  formed  by  a3p2  and  a4p2 
subunit  combinations  are  sensitive  to  k-BTX.24  The  sensitivity  of  the  a3p2  AChR  to 
k-BTX  is  10-fold  greater  than  the  a4p2  complex.25-26  Interestingly,  the  a3p4  complex  is 
insensitive  to  k-BTX,27  indicating  that  the  p  subunit  affects  the  pharmacological 
properties  of  the  resulting  AChR.  The  a2p2  neuronal  AChR  is  insensitive  to  both 
a-BTX  and  k-BTX.28 

The  chicken  a7  subunit  can  form  homomeric  AChRs  sensitive  to  a-BTX  (re¬ 
viewed  in  ref.  1).  However,  the  a 7  subunit  may  also  contribute  to  formation  of  a-BTX 
insensitive  AChR  in  the  chick  sympathetic  ganglia,  and  therefore  might  also  form 
AChR  complexes,  perhaps  involving  other  a  subunit  subtypes,  with  different  a-BTX 
binding  properties  than  the  complexes  formed  by  a .7  subunit  alone.29 

Insect  neuronal  AChRs  are  sensitive  to  a-BTX  (reviewed  in  ref.  1).  Locust 
AChRs  seem  to  be  homomeric  complexes  of  one  type  of  subunit,  although  in 
Drosophila  they  may  comprise  both  a  and  non-a  (also  known  as  p)  subunits 
(reviewed  in  ref.  1). 

The  a  subunit  present  in  an  AChR  influences  the  sensitivity  of  the  resulting 
complex  to  other  neurotoxins.  For  example,  neosugarotoxin,  from  the  Japanese  ivory 
shell,  blocks  AChRs  formed  by  the  p2  subunit  in  combination  with  the  a2,  a3  or  a4 
subunit,  whereas  the  aipiyS  AChR  is  relatively  insensitive.25-26  In  contrast,  a-conotox- 
ins  from  the  venom  of  marine  snails  block  only  the  a)Pi78  AChR.30  Lophotoxin,  a 
cyclic  diterpene  from  gorgonian  corals,  covalently  labels  Tyr190  of  the  Torpedo  a 
subunit31 — a  residue  conserved  in  all  AChR  a  subunits  but  the  neuronal  a5  subunit. 
As  predicted  from  the  presence  of  this  tyrosine,  AChR  formed  by  combinations  of 
aiPi-y8,  a2p2,  a3p3,  and  a4p2  subunits  are  sensitive  to  lophotoxin,  although  the  a2p2 
AChR  is  less  sensitive  for  reasons  that  remain  unclear.25  Table  1  summarizes  the 
toxin  sensitivity  of  AChRs  resulting  from  combinations  of  different  neuronal  sub¬ 
units. 


USE  OF  THE  SYNTHETIC  SEQUENCE  OF  THE  AChR  a  SUBUNIT 
FOR  STRUCTURAL  STUDIES  OF  CHOLINERGIC  SITES: 

ADVANTAGES  AND  CAVEATS 

We  extensively  used  synthetic  AChR  sequences  to  investigate  the  structure  of 
AChR  domains  which  interact  with  the  snake  a-  and  K-neurotoxins,  and  with  mAbs 
against  the  cholinergic  site. 

Using  peptides  for  those  purposes  required  careful  assessment  of  the  legitimacy 
of  those  approaches,  because  most  surface  domains  of  proteins  are  formed  by 
residues  from  discontinuous  sequence  regions,  whereas  synthetic  peptides  can  be 
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successfully  used  to  map  tridimensional  protein  domains  only  if  a  substantial  portion 
of  the  surface  domain  to  be  studied  is  formed  by  residues  within  the  same  short 
sequence  segment.  If  folded  properly,  the  corresponding  synthetic  sequence  may 
then  be  representative  of  the  structure  of  the  domain,  or  of  part  of  it. 

That  this  can  commonly  occur  in  large  proteins  has  been  proven  by  a  study  that 
systematically  investigated  the  ability  of  mAbs  against  different  segments  of  the 
Torpedo  AChR  a-subunit  sequence  to  cross-react  with  native  AChR.32  Monoclonal 
antibodies  raised  against  three  particular  sequence  segments  of  the  a  subunit  fully 
cross-reacted  with  native  AChR,  indicating  that  those  sequence  regions  are  largely 
exposed  on  the  AChR  surface.  By  analogy,  one  would  expect  that  the  same  will  apply 
to  most  large  proteins. 

Protein  ligands  recognizing  surface  regions  that  include  largely  exposed  sequence 
segments  should  be  able  to  interact  with  the  corresponding  synthetic  sequence. 
Therefore,  synthetic  peptides  may  be  more  confidently  used  to  study  the  structural 


TABLE  1.  Contribution  of  Different  Subunits  to  the  Toxin  Sensitivity  of 
Neuronal  AChRs 


AChR 

Neurotoxin  Sensitivity 

alfilyh 

a-BTX  sensitive24*71'72 

alp2y8 

Oil 

a2(32 

a-BTX  insensitive,  k-BTX  insensitive24-27-28 

a334 

a3(32 

a-BTX  low  sensitivity,  k-BTX  sensitive24"26 

a4p2 

a2(32 

Neosugarotoxin  sensitive,  a-conotoxin  insensitive25*26 

a3|32 

a4p2 

aipi7§ 

Neosugarotoxin  insensitive,  a-conotoxin  sensitive25*26 

al|3l7§ 

Lophotoxin  sensitive25*26 

a2(32 

a3|33 

a4(32 

domain  interacting  with  protein  ligands  than  with  small  ligands,  because  high  affinity 
protein /protein  binding  generally  involves  large  surface  interactions. 

Experimental  strategies  employing  a  sequence  region  excised  from  the  structural 
context  of  the  cognate  native  protein  have  other  important  caveats.  First,  a  sequence 
segment  containing  several  residues  involved  in  formation  of  a  binding  site  may  fold, 
in  the  absence  of  the  structural  constraints  of  the  native  protein,  in  a  manner 
incompatible  for  ligand  interaction,  leading  to  false  negative  conclusions.  On  the 
other  hand,  one  might  obtain  a  positive  result  with  a  peptide  corresponding  to  a 
sequence  which  in  the  native  protein  is  inaccessible  to  the  ligand  because  of 
obstruction  by  surrounding  residues. 

The  latter  possibility  is  exemplified  by  the  findings  that  although  coexpression  in 
Xenopus  oocytes  of  the  a3  subunit— which  contains  important  constituent  elements 
of  cholinergic  binding  sites — together  with  the  P2  subunit  results  in  an  AChR 
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capable  of  irreversibly  binding  the  neuronal  AChR-specific  antagonist  k-BTX  (re¬ 
viewed  in  refs.  1  and  23),  expression  of  the  a3/p4  subunit  pair  yields  an  AChR  unable 
to  bind  k-BTX,27  or  able  to  bind  if  only  reversibly,33  demonstrating  that  the  (3  subunit 
contributes  elements  to  the  cholinergic  site  formation  which  interfere  with  the 
binding  of  k-BTX  to  the  a3  domain.  Similarly,  the  a7  subunit  contains  a  prototope  for 
a-BTX  binding,14  and  may  form  homomeric  AChR  complexes  sensitive  to  the  ot-BTX 
(reviewed  in  ref.  1).  However,  the  a7  subunit  may  also  be  part  of  heteromeric  AChRs 
that  are  insensitive  to  a-BTX.34  Also,  a  prototope  for  a-BTX  has  been  identified  on 
the  rat  a5  subunit,9  which  may  not  actually  bind  cholinergic  ligands  when  part  of  a 
native  neuronal  AChR.35 

Despite  their  potential  pitfalls,  studies  with  synthetic  AChR  sequences  have 
proven  to  have  a  reliable  predictive  value  (reviewed  in  ref.  36).  Synthetic  peptide 
studies  of  the  main  immunogenic  region  (MIR) — the  set  of  largely  overlapping 
epitopes  on  the  extracellular  surface  of  the  AChR  a  subunit  recognized  by  the 
majority  of  autoimmune  antibodies  (Abs)  in  the  human  disease  myasthenia  gravis,37 
correctly  located  the  MIR  to  the  sequence  a67-76  on  human  muscle  and  Torpedo  a 
subunits,  as  verified  by  comparisons  of  naturally  occurring  mutations  in  AChRs 
which  do  not  bind  anti-MIR  Abs,  and  by  the  results  of  expression  studies  of  mutant 
AChRs  (reviewed  in  ref.  36).  The  sequence  region  that  surrounds  two  vicinal 
cysteine  residues,  at  positions  approximately  192  and  193 — the  hallmark  of  AChR  a 
subunits — has  been  identified  as  contributing  to  the  formation  of  the  a-BTX  binding 
site  by  several  studies  employing  synthetic  and  biosynthetic  peptides  (reviewed  in  ref. 
1).  This  identification  is  supported  by  the  results  of  studies  using  mutated  AChRs,  or 
cholinergic  affinity  ligands  (reviewed  in  refs.  1  and  36).  The  results  of  studies  using 
single-residue  substituted  peptides  to  identify  residues  within  that  sequence  region 
important  for  AChR /a-BTX  interactions,1118  agree  well  with  those  of  Xenopus 
oocyte  expression  studies  of  mutated  AChRs.38 

Consistently,  the  affinity  of  the  cholinergic  probes  for  synthetic  AChR  sequences 
is  several  orders  of  magnitude  lower  than  that  for  the  native  AChR.  This  is  to  be 
expected,  because  even  when  a  short  sequence  region  contributes  several  residues  to 
a  surface  domain,  other  residues  are  contributed  by  discontinuous  sequence  regions 
(reviewed  in  ref.  39).  That  this  is  the  case  for  the  a-  and  K-neurotoxin  binding  site  is 
supported  by  the  large  toxin  surface  area  involved  in  interaction  with  the  AChR 
(reviewed  in  refs.  1  and  36)  and  the  extremely  high  affinity  for  the  AChRs  of  these 
toxins,23  whose  structural  basis  must  be  the  intimate  complementarity  of  large 
surface  regions. 

This  reduced  affinity  of  peptides  for  synthetic  sequences  excised  from  the  context 
of  the  native  protein  may  be  beneficial  when  investigating  individual  residues 
involved  in  formation  of  a  binding  site  by  the  use  of  single-residue  substituted 
analogues:  the  relatively  low  affinity  of  the  ligand /peptide  interaction  makes  this  a 
sensitive  system  to  small  changes  in  affinity.  The  same  changes  might  be  difficult  to 
detect  for  substitutions  of  the  same  residues  in  the  native  AChR,  given  the  very  high 
binding  affinity,  and  the  stabilizing  influence  on  the  binding  of  the  many  more 
residues  in  the  native  AChR  than  in  the  peptide. 

Solid  phase  assays,  due  to  immobilization  of  the  peptide  sequence  in  a  conforma¬ 
tion  noncompatible  for  ligand  binding,  might  give  falsely  negative  results.  Therefore, 
it  is  advisable  to  use  more  than  one  type  of  solid  phase  assay  and,  whenever  possible, 
a  competition  assay  using  peptides  in  solution.  The  latter  assay,  although  more  labor 
intensive  than  direct  solid-phase  binding  assays,  has  the  advantage  that  the  peptide 
in  solution  may  fold  into  any  low  energy  conformation,  which  may  include  one 
corresponding  to  that  in  the  native  protein. 
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IDENTIFICATION  OF  SEQUENCE  SEGMENTS  CONTRIBUTING  TO 
CHOLINERGIC  SITES  ON  THE  a  SUBUNIT  OF  TORPEDO 
AND  MAMMALIAN  MUSCLE  AChR 

Several  studies  using  synthetic  or  biosynthetic  AChR  sequences  have  indicated 
that  the  sequence  region  of  the  Torpedo  a  subunit  flanking  the  vicinal  Cys  residues  at 
position  192  and  193  forms  a  prototope  for  a-BTX  (reviewed  in  ref.  1).  We  further 
defined  structural  elements  of  a-BTX  binding  site(s)  on  Torpedo  AChR,  by  using  a 
panel  of  overlapping  synthetic  peptides  corresponding  to  the  complete  a  subunit 
sequence  as  representative  structural  elements  of  the  AChR.8  We  investigated 
whether,  in  addition  to  the  sequence  flanking  the  cysteinyl  residues  at  positions  192 
and  193,  other  sequence  regions  of  the  AChR  a  subunit  could  bind  a-BTX,  and/or 
several  mAbs  able  to  compete  with  a-BTX  and  with  other  cholinergic  ligands  for 
AChR  binding.  We  also  used  overlapping  peptides  corresponding  to  the  sequence 
segments  of  each  Torpedo  AChR  subunit  homologous  to  al 66-203.  ^ 

The  mAbs  used  (WF6,  WF5,  and  W2)  were  raised  against  native  Torpedo  AChR 
and  specifically  recognize  the  a  subunit.40,41  The  binding  of  WF5  and  W2  to  Torpedo 
AChR  is  inhibited  by  all  cholinergic  ligands,  that  of  WF6  by  agonists,  but  not  by  low 
molecular  weight  antagonist.40,41  The  differential  competition  between  the  mAbs  and 
cholinergic  ligands,  and  the  incomplete  mutual  inhibition  by  these  mAbs  for  AChR 
binding,  suggest  that  they  bind  to  distinct  overlapping  parts  of  the  area  recognized  by 
cholinergic  ligands,  and  that  within  this  area  subsites  may  exist,  recognized  either  by 
all  small  cholinergic  ligands  or  by  cholinergic  antagonists  alone.  Binding  subsites  for 
different  cholinergic  ligands  were  suggested  long  ago,  based  on  the  results  of 
pharmacological  studies  42 

a-BTX  and  WF6  bound  to  the  synthetic  sequence  al81-200  and  also,  albeit  to  a 
lesser  extent,  to  a55-74.  The  two  other  mAbs  predominantly  bound  to  a55-74,  and  to 
a  lesser  extent  to  al81-200.  Peptides  al81-200  and  a55-74  both  inhibited  binding  of 
[12SI]a-BTX  to  native  Torpedo  AChR.  None  of  the  peptides  corresponding  to 
sequence  segments  from  other  subunits  bound  a-BTX,  WF6  or  the  other  mAbs,  or 
interfered  with  their  binding. 

Interestingly,  results  of  studies  from  our  and  other  laboratories43,44  on  the 
binding  of  a-NTX  to  synthetic  sequences  of  Torpedo  electric  organ  and  mammalian 
muscle  AChRs  indicated  that  a-NTX,  in  spite  of  its  high  homology  with  a-BTX,  with 
which  it  fully  competes  for  binding  to  native  AChR,  does  not  recognize  synthetic 
peptides  corresponding  to  the  sequence  region  flanking  the  cysteine  residues  192— 
193.  On  the  other  hand,  a-NTX  binds  effectively  to  the  synthetic  sequence  a55-74  of 
Torpedo  and  muscle  AChRs.44  Therefore,  as  with  the  different  mAbs  against  the 
cholinergic  site  described  above,  also  highly  homologous,  mutually  competitive 
a-neurotoxins  may  recognize  different  overlapping  regions  of  the  same  binding  area. 

These  results  indicate  that  the  cholinergic  binding  site  is  not  a  single  narrow 
sequence  region,  but  rather  that  two  or  more  discontinuous  sequence  segments 
within  the  N-terminal  extracellular  region  of  the  AChR  a  subunit,  folded  together  in 
the  native  structure  of  the  receptor,  contribute  to  form  a  cholinergic  binding  region. 
Such  a  structural  arrangement  is  similar  to  the  “discontinuous  epitopes’  observed  by 
X-ray  diffraction  studies  of  Ab-antigen  complexes.39  The  multipoint  attachments  of 
a-BTX  to  the  a  subunit  gives  a  structural  basis  for  the  high  affinity  of  the  a-neurotoxin/ 
AChR  interaction. 

The  structural  characteristics  of  the  Torpedo  peptides  a55-74  and  al81-200  have 
been  studied  by  circular  dichroism  (CD)  and  fluorescence  spectroscopy  (reviewed  in 
refs.  1  and  11).  Both  peptides  have  a  high  content  of  (3-sheet  and  p-turn.  Differential 
CD-spectroscopy,  in  the  presence  and  absence  of  a-BTX,  indicates  that  peptides 
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a55-74  and  al81-200  undergo  structural  changes  upon  a-BTX  binding,  with  a  net 
increase  in  the  p-structure  component  (reviewed  in  refs.  1  and  11).  These  structural 
changes  may  reflect  a  mechanistic  basis  for  the  essentially  irreversible  inactivation  of 
the  AChR  by  a-BTX. 

Similar  studies  carried  out  with  panels  of  synthetic  peptides  corresponding  to  the 
complete  a  subunit  sequence  of  mouse  and  human  AChR  demonstrated  that  only 
the  sequence  region  flanking  the  vicinal  cystines  192-193  forms  a  prototope  for 
a-BTX.13  Lack  of  detectable  binding  of  a-BTX  to  peptide  sequences  of  human  and 
mouse  AChRs  homologous  to  the  sequence  Torpedo  a55-74,  which  binds  a-BTX, 
may  be  due  to  different  reasons,  including  (1)  improper  folding  of  the  peptide, 
different  from  that  of  the  same  sequence  in  the  native  AChR;  (2)  mutation  in  the 
mammalian  muscle  sequence  region  a55-74  of  amino  acid  residues  directly  involved 
in  a-BTX  binding,  and  reduction  of  the  affinity  of  this  prototope  for  a-BTX  to  levels 
incompatible  with  detection  of  a-BTX  binding  in  the  assays  used;  and  (3)  lesser 
contribution  to  the  structure  of  the  a-BTX  binding  site  by  the  sequence  region 
a55-74  in  mammalian  muscle  AChR  than  in  Torpedo  AChR. 

IDENTIFICATION  OF  SEQUENCE  SEGMENTS  CONTRIBUTING  TO 
CHOLINERGIC  SITES  ON  THE  a  SUBUNIT  OF  k-NEUROTOXIN 
SENSITIVE  NEURONAL  AChRs 

Neuronal  AChRs  containing  the  a3  subunit  bind  K-neurotoxins,  either  irrevers¬ 
ibly  or  reversibly  (reviewed  in  refs.  1  and  33).  Using  overlapping  peptides  correspond¬ 
ing  to  the  a3  subunit  sequence,  we  mapped  a  potential  constituent  segment  of  the 
binding  sites  to  the  sequence  region  a351-70.lcU6  k-BTX  and  k-FTX  bind  to  this 
sequence  specifically;  a-BTX  does  not  bind  to  any  a3  peptides.  The  sequence 
a351-70 — which  largely  overlaps  the  homologous  sequence  regions  of  Torpedo 
AChR,  a55-74,  which  forms  a  prototope  for  a-BTX  (see  above) — contains  several 
negatively  charged  residues  that  may  interact  with  the  K  and  R  residues  present  in 
the  sequence  loops  of  k-BTX  believed  to  interact  with  the  AChR.  It  also  contains 
several  aromatic  amino  acids,  which  are  a  consistent  structural  feature  of  the  a-  and 
K-neurotoxin  binding  prototopes  (see  below). 

Two  other  largely  overlapping  peptide  sequences  that  bind  k-BTX,  a3180-199 
and  a3 183-201,  were  identified  using  a  competition  assay  with  native  neuronal  AChR 
on  PC-12  cells  (most  likely  the  a3p2  subtype).10  Both  peptides  contain  the  vicinal  Cys 
pair,  and  are  homologous  to,  although  relatively  divergent  from,  the  muscle-type 
a-BTX  binding  sequence  ai  181-200  of  different  species.  Therefore,  in  the  a3 
neuronal  AChRs,  the  sequence  region  surrounding  the  vicinal  cysteines  is  also  likely 
to  contribute  to  the  cholinergic  binding  site.  An  involvement  of  this  region  of  the  a3 
subunit  in  k-BTX  binding  is  supported  by  Xenopus  oocyte  expression  studies  using 
a2/a3  chimeras.45 

Thus,  like  a-BTX,  K-neurotoxins  appear  to  have  multipoint  attachments  to  the  a3 
subunit,  and  the  segments  of  the  a3  subunit  contributing  to  these  binding  sites  are 
homologous  to  those  contributing  to  the  a-BTX  site  in  the  Torpedo  a  subunits. 

IDENTIFICATION  OF  SEQUENCE  SEGMENTS  CONTRIBUTING  TO 

CHOLINERGIC  SITES  ON  THE  a  SUBUNITS  OF  NEURONAL  AChRs 

SENSITIVE  TO  a-BTX 

We  used  similar  experimental  strategies  to  identify  prototopes  for  a-BTX  in  two 
neuronal  a  subunits,  the  a7  and  a8.14  The  cDNAs  for  these  neuronal  a  subunits  were 
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isolated  using  oligonucleotides  corresponding  to  the  aminoterminal  sequence  region 
of  an  a  subunit  from  an  AChR  protein(s)  isolated  from  chick  brain  using  a-BTX 
affinity  chromatography.46  The  a7  subunit  forms  homo-oligomeric  AChRs  able  to 
bind  to  a-BTX  (reviewed  in  ref.  1);  the  a8  subunit  is  highly  homologous  to  the  a7 
subunit.47  We  synthesized  a  panel  of  overlapping  synthetic  peptides  and  tested  them 
for  ability  to  bind  [125I]a-BTX.  The  peptides  were  20  residues  long,  and  corre¬ 
sponded  to  the  complete  chick  brain  a7  subunit  and  to  residues  166-215  of  the  chick 
brain  a8  subunit.14 

We  found  that  the  synthetic  sequences  a7181-200  and  a8181-200  consistently  and 
specifically  bound  [125I]a-BTX,  although  with  different  affinities — a7181-200  with  an 
apparent  affinity  10  times  lower  than  that  of  a8181-200.  The  ability  of  these  peptides 
to  bind  a-BTX  was  significantly  decreased  by  reduction  and  alkylation  of  the  Cys 
residues  at  positions  190/191,  whereas  oxidation  had  little  effect  on  a-BTX  binding 
activity. 

Therefore,  a7  and  a8  are  ligand  binding  subunits,  able  to  bind  a-BTX  at  sites 
homologous  with  the  AChR  a  subunits  from  muscle  and  electric  tissue,  and  the  small 
sequence  differences  between  these  two  highly  homologous  subunits  may  confer 
differential  ligand  binding  properties  to  the  AChR  subtypes  of  which  they  are 
components. 

We  have  used  synthetic  peptides  to  obtain  clues  about  the  neurotoxin  sensitivity 
of  neuronal  AChRs  containing  an  a-  subunits  not  successfully  expressed  in  Xenopus 
oocytes  as  functional  complexes,  that  is,  the  a5  subunit.9  Expression  of  as  mRNA 
correlates  with  the  presence  of  neuronal  a-BTX  binding  AChRs  in  several  cell 
lines.48  On  the  other  hand,  the  a5  subunits  may  contribute,  together  with  the  a3  and 
04  subunit,  to  neuronal  AChRs  expressed  in  sympathetic  ganglia  that  are  sensitive  to 
k-BTX  and  insensitive  to  a-BTX.29 

Overlapping  peptides  corresponding  to  the  sequence  region  171-205  of  the  a5 
subunit,  of  mouse  muscle  ai  and  rat  neuronal  a2,  a3,  and  a4  subunits,  which  all 
contain  the  vicinal  Cys  residues,  were  compared  for  ability  to  bind  a-BTX.9  In  a  solid 
phase  assay  testing  the  direct  binding  of  [,25I]a-BTX  to  synthetic  peptides,  as  well  as 
in  two  different  competition  assays  in  which  peptides  were  tested  for  their  ability  to 
sequester  [125I]a-BTX  from  binding  to  native  AChR  on  postsynaptic  membrane 
fragments  of  Torpedo  electric  organ  or  PC-12  cells,  only  peptides  corresponding  to 
the  mouse  muscle  a!  and  rat  neuronal  as  subunits  bound  a-BTX.9  These  results  are 
consistent  with  the  known  pharmacology  of  the  ab  a2,  a3,  and  a4  AChR  subtypes 
(reviewed  in  ref.  1),  and  suggest  that  the  a$  subunit  could  bind  a-BTX,  and  that  the 
sequence  a5180-199  may  contribute  to  an  a-BTX  binding  site.  It  is  unclear  in  view  of 
the  results  summarized  above,  whether  the  a-BTX  binding  prototope  asl80-199 
contributes  in  the  cognate  native  neuronal  AChRs  to  a  cholinergic  site  able  to  bind 
a-BTX,  or  if  in  such  native  AChRs  binding  of  a-BTX  is  impeded  by  surrounding 
structural  elements. 


IDENTIFICATION  OF  INDIVIDUAL  RESIDUES  INTERACTING  WITH 
a-  AND  k-NEUROTOXINS  BY  THE  USE  OF  SYNTHETIC  SEQUENCES: 
GENERAL  CONSIDERATIONS 

Following  identification  of  AChR  a  subunit  prototopes  for  binding  of  a-  and 
K-neurotoxins  and  of  competitive  mAbs,  synthetic  peptide  approaches  have  also 
proven  useful  in  identifying  individual  amino  acid  residues  involved  in  the  binding  of 
those  cholinergic  probes. 

We  used  two  different  approaches  for  these  purposes.  In  the  first,  binding  of 


CONTI-FINE  et  al. :  SYNTHETIC  RECEPTOR  SEQUENCES  141 

a-BTX  to  synthetic  peptides  corresponding  to  homologous  prototopes  of  different 
a-BTX  binding  peripheral  and  neuronal  AChR  was  studied  to  obtain  clues  about  the 
effect  of  naturally  occurring  amino  acid  substitutions  on  a-BTX  binding.  As  de¬ 
scribed  below,  those  studies  demonstrated  a  lack  of  sequence  motifs  identifying 
a-BTX  binding  proteins.  Therefore  a  second  approach  was  used  in  attempts  to 
determine  the  structural  requirements  for  a-BTX  and  K-neurotoxin  binding,  that  is, 
investigation  of  the  effect  of  individual  nonconservative  or  conservative  substitutions 
on  the  binding  of  a-BTX  or  competing  mAbs,  or  K-neurotoxins,  to  the  sequence 
regions  of  peripheral  or  neuronal  AChRs  found  to  bind  these  cholinergic  probes. 
The  results  of  these  studies  will  be  compared  and,  if  necessary,  contrasted  with  those 
of  investigations  employing  mutation  analysis  of  AChRs  expressed  in  oocytes. 


COMPARISON  OF  HOMOLOGOUS  SEQUENCES  al81-200  FROM  MUSCLE 

AChR  OF  DIFFERENT  SPECIES 

Muscle  AChR  a  subunits  are  highly  conserved  between  different  species.  Be¬ 
cause  the  sequence  al81— 200  in  Torpedo  electric  organ,  mouse  and  human  muscle 
AChRs  forms  a  prototope  for  a-BTX,  we  systematically  investigated  the  ability  to 
bind  a-BTX  and  the  affinity  of  such  binding  of  synthetic  peptides  that  correspond  to 
the  homologous  sequence  regions  from  the  muscle  of  other  vertebrate  species,  whose 
AChR  a  subunit  sequence  is  known.13  Included  in  the  species  studied  were  the 
sequence  regions  al81— 200  of  Naja  and  mongoose  muscle  AChRs.  These  animals 
are  notable  exceptions  to  the  rule  that  a-BTX  blocks  muscle  AChR  function:  several 
snake  species,  including  Naja,  are  resistant  to  the  blocking  action  of  a-BTX,  and 
the  mongoose,  a  mammal  well  known  for  its  ability  to  kill  and  eat  poisonous  snakes 
(e.g.,  see  ref.  50),  is  also  resistant  to  snake  neurotoxins.M 

All  the  synthetic  sequences  al81— 200  tested  contained  an  a-BTX  binding  proto- 
tope,  with  the  notable  exceptions  of  the  Naja  and  the  mongoose  sequences.13  As 
illustrated  in  FIGURE  1,  the  sequence  region  al81-200  is  very  conserved  in  Torpedo 
and  vertebrate  muscle  AChRs.  However,  this  does  not  apply  to  the  Naja  and 
mongoose  sequences.  Six  amino  acid  residues  of  this  sequence  region  in  the  snake  a 
subunit  differ  from  the  other  a  subunits,  and  may  be  important  for  a-BTX  binding. 
Nonconservative  substitutions  in  the  snake  al81— 200  sequence  include  replacements 
of  Kj85,  W187,  Y189,  and  P194  by  W,  S,  N,  and  L,  respectively.  Single  residue  mutations 
of  the  Torpedo  a  sequence  to  each  of  the  six  substitutions  of  the  Naja  a  sequence 
demonstrated  that  conversion  of  Y j ^9  to  N  or  P194  to  L  in  the  Torpedo  sequence 
suffices  to  eliminate  a-BTX  binding.52  In  the  mongoose  sequence,  W187,  Yi89,  and 
P194  are  nonconservatively  substituted  to  N,  T,  and  L  respectively.49  In  addition,  P197, 
conserved  in  all  known  peripheral  AChR  a  subunits,  is  nonconservatively  substituted 
to  H,  and  at  position  195  the  negatively  charged  residue  present  on  most  a-BTX 
binding  prototopes  and  proposed  to  be  involved  in  interaction  with  a-BTX,53  is 
conservatively  substituted  by  T.49 

Comparison  of  the  vertebrate  muscle  a  sequences  (Fig.  1)  shows  that  the 
sequence  WY  at  positions  188-190  is  common  to  the  peptides  that  bind  a-BTX  with 
high  affinity  ( Torpedo ,  frog,  chick),  and  that  substitution  of  the  amino  acid  at  position 
189  to  F  (as  in  the  calf  and  mouse  sequences),  N  (as  in  the  Naja  sequence)  or  T  (as  in 
the  human  and  mongoose  sequences)  correlates  with  a  reduced  affinity  of  this 
prototope  for  a-BTX.15  The  convergence  of  these  results  strongly  indicates  Y189  as  a 
critical  residue  in  the  interaction  of  a  subunits  from  different  muscle  AChRs  with 
a-BTX. 
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FIGURE  1.  Alignment  of  the  sequence  region  181-200  from  the  a  subunit  of  different 

vertebrate  muscle  AChRs.  This  sequence  region  is  highly  conserved  in  most  muscle  a  subunits. 
Identical  residues  (as  compared  to  the  Torpedo  sequence,  which  is  aligned  at  the  top  of  the 
sequences)  are  enclosed  in  black  boxes.  The  amino  acid  residues  which  are  substituted,  as 
compared  to  the  Torpedo  a  subunit,  are  in  white  boxes.  Several  nonconservative  substitutions 
within  this  region  are  present  in  the  a  subunits  of  cobra  and  mongoose  muscle  AChRs.  This  may 
be  related  to  the  resistance  of  muscle  from  these  species  to  a-neurotoxin  block,  and  the  inability 
of  synthetic  peptides  corresponding  to  the  cobra  and  mongoose  sequence  region  al 81-200  to 
bind  a-BTX.  See  text  for  further  details.  (From  Conti-Tronconi  et  al}  Reproduced  with 
permission  of  the  CRC  Critical  Reviews  in  Biochemistry  and  Molecular  Biology.) 
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COMPARISON  OF  HOMOLOGOUS  SEQUENCES  <*181-200  FROM 
NEURONAL  AChRs  OF  DIFFERENT  SPECIES  AND  SUBTYPES 

The  sequence  region  surrounding  the  vicinal  cysteines  192/193  of  the  neuronal 
a-BTX  binding  a  subunits  is  highly  diverged  with  respect  to  the  Torpedo  and  muscle 
al  subunits  (Fig.  2).  The  low  predictive  value  of  sequence  homology  to  infer 
neurotoxin  sensitivity  can  be  best  appreciated  by  comparison  of  the  sequence  regions 
of  AChR  a  subunits  that  bind  a-BTX  ( Torpedo  a,  vertebrate  muscle  ah  rat  neuronal 
a5,  chick  brain  a7  and  a8,  and  Drosophila  ALS  and  SAD  subunits),  with  the 
homologous  sequence  regions  of  AChRs  that  do  not  bind  a-BTX  (the  Naja  and 
mongoose  muscle  al3  and  the  neuronal  a2,  a3,  and  a4  subunits).  Seven  amino  acid 
residues  are  characteristic  of  all  a  subunits  regardless  of  their  a-BTX  binding  ability: 
that  is,  Gigs  (or  the  conservative  substitution  A),  Y190,  Q92,  Q93,  D]95  (or  the 
conservative  substitution  E),  Y198,  and  D2oo-  All  of  the  a  subunits  in  FIGURE  2  that 
bind  a-BTX  have  Yi89  (or  the  conservative  substitution  F)  and  P197,  whereas  K189  and 
I197  are  characteristic  of  a  subunits  that  do  not  bind  a-BTX.  This  general  rule, 
however,  does  not  hold  true  for  the  a5  subunit,  whose  sequence  is  highly  divergent 
from  other  AChR  a  subunits. 

The  inability  to  correlate  critical  structural  features  required  for  a-BTX  binding 
with  a  particular  amino  acid  sequence  indicates  in  a  broader  sense  a  serious 
limitation  to  the  use  of  sequence  homology  to  define  families  of  functionally  and 
structurally  related  proteins.  It  is  obvious  from  comparison  of  the  a-BTX  binding 
sequences  that  different  primary  sequences  must  fold  into  three-dimensional  struc¬ 
tures  with  comparable  hydrophobic,  hydrogen-bonding,  and  charge  interactions. 
Compensatory,  multiple  nonconservative  substitutions  that  occurred  during  the 
evolution  of  a-BTX  binding  proteins  have  obscured  a  “universal”  a-BTX  binding 
motif.  This  fact  is  also  illustrated  by  the  lack  of  sequence  homology  between  any  of 
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the  nicotinic  AChR  a  subunits  and  the  ACh  binding  sites  of  the  muscarinic  ACh 
receptor  and  acetylcholinesterase.54  55  The  failure  to  find  a  common  a-BTX  binding 
motif  is  similar  to  the  search  for  targeting  sequence  signals  involved  in  sorting 
proteins  into  different  cellular  compartments.  In  those  cases,  instead  of  primary 
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FIGURE  2.  Alignment  of  the  sequence  region  181-200  from  the  a  subunit  of  different  muscle 
and  neuronal  AChRs.  The  residues  are  numbered  with  reference  to  the  Torpedo  a  subunit 
sequence.  Identical  residues  (as  compared  to  the  Torpedo  sequence,  which,  for  sake  of 
comparison,  is  also  aligned  at  the  top  of  the  sequences  that  cannot  bind  a-BTX)  are  enclosed  in 
black  boxes,  conservative  substitutions  on  a  dotted  background.  (A)  AChR  a  subunit  sequences 
that  bind  a-BGT;  (B)  AChR  a  subunit  sequences  that  do  not  bind  a-BGT.  See  text  for  further 
details.  (From  Conti-Tronconi  et  aO  Reproduced  with  permission  of  the  CRC  Critical  Reviews 
in  Biochemistry  and  Molecular  Biology. ) 
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sequence  conservation,  compositional  motifs  are  found,  in  which  certain  amino  acids 
or  residues  with  similar  physical  characteristics  are  common  between  proteins 
destined  to  the  same  cellular  organelle  or  membrane  compartment  (see  ref.  56). 


INDIVIDUAL  RESIDUES  OF  THE  TORPEDO  a  SUBUNIT  SEQUENCE 
INTERACTING  WITH  a-NEUROTOXINS:  STUDIES  WITH  SINGLE 
RESIDUE  SUBSTITUTED  PEPTIDE  ANALOGUES 

We  attempted  to  elucidate  the  structural  requirement  for  ligand  binding  to  the 
cholinergic  subsites  formed  by  the  sequences  al81-200  and  a55-74  of  Torpedo 
AChR  by  investigating  the  effect  on  the  binding  of  a-BTX  of  nonconservative  and 
conservative  substitutions  of  individual  residues  within  these  sequence  regions.  For 
the  sequence  region  al81— 200,  we  also  investigated  the  binding  of  mAb  WF6  and  for 
a55-74,  of  a-NTX. 

We  first  used  a  panel  of  substituted  peptide  analogues  of  the  Torpedo  sequence 
al81-200,  carrying  single  amino  acid  substitutions  of  glycine  or  alanine  for  each 
native  residue.*'  Circular  dichroism  spectral  analysis  indicated  that  the  substituted 
analogues  had  comparable  structures  in  solution,  and  they  could  therefore  be  used  to 
analyze  the  influence  of  single  amino  acid  substitutions  on  ligand  binding.  Several 
peptide  analogues  clearly  differed  from  the  unsubstituted  parental  sequence  in  their 
ability  to  bind  a-BTX  or  mAb  WF6,  or  both. 

Distinct  clusters  of  amino  acid  residues,  discontinuously  positioned  along  the 
sequence  al81— 200,  seem  to  serve  as  attachment  points  for  the  two  ligands  studied. 
The  residues  necessary  for  binding  of  a-BTX  are  different  from  those  crucial  for 
binding  of  WF6.  In  particular,  residues  at  positions  188-190  (VYY)  and  192-194 
(CCP)  were  necessary  for  binding  of  a-BTX,  whereas  residues  Wi87,  Tm,  and  Yi98 
and  the  three  residues  at  positions  193-195  (CPD)  were  necessary  for  binding  of 
WF6.  Several  other  residues  flanking  the  two  clusters  VYY  and  CCP  also  seemed  to 
be  involved  in  a-BTX  binding  (W184,  KJ85,  Wi87,  D195,  Tj%,  P197,  and  Y198). 

Comparison  of  the  CD  spectra  of  the  toxin/peptide  complexes,  and  those 
obtained  for  the  same  peptides  and  a-BTX  in  solution,  indicates  that  structural 
changes  of  the  ligand(s)  occur  upon  binding,  with  a  net  increase  of  the  (3-structure 
component.  The  increase  in  the  order  of  the  structure  may  reflect^  a  structural 
rearrangement  of  the  peptide  upon  binding  to  the  high  affinity  a-BTX  “matrix.” 

These  results  further  demonstrate  that  within  this  relatively  large  structure, 
cholinergic  ligands  bind  with  multiple  points  of  attachment,  and  ligand-specific 
patterns  of  the  attachment  points  exist.  This  may  be  the  molecular  basis  of  the  wide 
spectra  of  binding  affinities,  kinetic  parameters,  and  pharmacological  properties 
observed  for  the  different  cholinergic  ligands. 

The  results  described  above  were  verified  by  other  studies.  A  study  using  single 
amino  acid  substitutions  (to  G  or  A)  of  the  sequence  segment  Torpedo  al  88-1 97, 
indicated  that  Yi89,  Y190,  and  D195  are  important  for  a-BTX  binding.53  Another  study, 
which  tested  the  effect  of  multiple  amino  acid  substitutions  of  the  Torpedo  sequence 
al66-211  expressed  as  a  bacterial  fusion  protein,  confirmed  that  Y189  and  P194  are 
critical  for  a-BTX  binding.52 

Other  studies  investigated  the  binding  of  a-BTX  and  ACh  to  mouse  muscle  a 
subunit  mutants  expressed  as  AChR  complexes  in  Xenopus  oocytes.57  Although  the 
affinity  for  ACh  was  markedly  reduced  when  Yi90  was  substituted  to  F,  none  of  the 
substitution  administered  affected  the  a-BTX  binding  detectably.  The  different 
results  of  this  study  with  respect  to  the  ability  to  bind  a-BTX  and  of  studies  using 
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synthetic  “mutated”  sequences  of  Torpedo  and  mouse  a  subunits  could  be  due  to  (1) 
species  differences,  or  (2)  differences  in  the  amino  acid  substitutions  made,  or — most 
likely — (3)  the  fact  that,  because  binding  of  a-BTX  to  native  AChR  occurs  via  large 
interacting  surfaces,  mutation  of  one  of  the  several  residues  involved  in  such 
interaction  may  not  suffice  to  change  the  binding  affinity  detectably. 

To  further  define  the  structural  requirements  for  a-BTX  binding  to  the  proto¬ 
tope  al  81-200  of  Torpedo  AChR,  we  investigated  the  effect  on  a-BTX  binding  to  this 
synthetic  sequence  of  conservative  substitutions  of  residues  that  previous  studies  had 
indicated  as  important  for  binding  of  a-BTX.18  Amino  acid  substitutions  for  this 
mutational  analysis  were  chosen  in  order  to  determine  (1)  physico-chemical  at¬ 
tributes  of  the  amino  acid  side  chains  that  mediate  a-BTX  binding  (i.e.,  steric. 
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FIGURE  3.  Summary  of  the  effect  of  conservative  amino  acid  substitutions  on  the  binding  of 
[125I]a-BTX  to  Torpedo  AChR  al81-200.  Consistent  results  obtained  for  both  the  solution  and 
the  solid  phase  assays  are  summarized.  The  native  sequence  of  Torpedo  al81-200  is  indicated  at 
the  center  of  the  figure,  and  the  residue  position  numbers  indicated  under  amino  acids  are 
relative  to  the  Torpedo  a.  subunit.  The  amino  acid  substitutions  that  are  tolerated  and  result  in 
equal  or  slightly  lower  a-BTX  binding  activity  are  indicated  by  arrows  from  below  the  positions 
of  the  native  sequence,  which  are  replaced.  Similarly,  those  substitutions  that  are  not  tolerated 
and  abolish  a-BTX  binding  activity  of  the  peptides  are  indicated  by  arrows  above  the  native 
sequence.  (From  McLane  et  al. 18  Reproduced  with  permission  of  Biochemistry. ) 


hydrophobic,  hydrogen-bonding,  and/or  electrostatic  interactions)  and  (2)  how  the 
secondary  structural  constraints  imposed  by  the  presence  of  prolyl  residues  or  a 
disulfide  bond  confer  a-BTX  binding  activity  to  this  prototope. 

The  conclusions  of  those  studies,18  based  on  consensus  of  solid  and  solution 
phase  assays,  are  summarized  in  Figure  3.  Amino  acid  substitutions  that  had  a 
profound  effect  on  a-BTX  binding  are  indicated  above  the  native  Torpedo  al81-200 
sequence  (Not  Tolerated),  and  those  that  slightly  or  moderately  affected  a-BTX 
binding  are  indicated  below  the  native  sequence  (Tolerated).  Conservative  substitu¬ 
tions  of  Y189,  Y190,  Cj92,  and  C]93  abolished  or  strongly  affected  a-BTX  binding, 
whereas  VI88  could  be  conservatively  replaced  by  I  or  T  with  minor  effects  on  a-BTX 
binding.  We  previously  suggested  that  these  residues  form  important  contacts  with 
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a-BTX,  based  on  the  results  obtained  when  these  residues  were  substituted  with  G.]1 
Structural  changes  of  the  peptide  al81-200  induced  by  substitution  of  P194  or  P]97 
with  two  adjacent  G  residues,  or  insertion  of  a  G  between  C192  and  Q93,  were  also 
incompatible  with  a-BTX  binding.  Conservative  substitutions  of  other  aliphatic  and 
aromatic  residues,  and  of  residues  Kj85  and  Dj95,  had  minor  effects  on  a-BTX 
binding. 

Therefore,  binding  of  a-BTX  to  the  prototope  al81-200  involves  important 
interactions  with  Y189,  Y190,  C192,  and  Q93  that  are  highly  specific  to  the  amino  acid 
residues  at  these  positions.  Residues  Y^o,  Ci92,  and  Cj93  are  highly  conserved, 
because  the  two  vicinal  C  residues  are  the  hallmark  of  the  a  subunits,  and  Y190  is 
found  in  all  but  the  a5  a  subunits  (reviewed  in  ref.  1).  However,  these  three  residues 
perse  are  not  correlated  with  a-BTX  binding  activity,  because  they  are  conserved  in  a 
subunits  that  do  not  bind  a-BTX  (reviewed  in  ref.  1).  The  presence  of  Yi89,  on  the 
other  hand,  correlates  with  high-affinity  a-BTX  binding  (reviewed  in  refs.  1  and  23). 
p184  and  Pi87  play  important  structural  roles  in  maintaining  the  correct  conformation 
of  the  peptide  to  display  the  a-BTX  binding  motif. 

a-BTX  is  believed  to  contact  the  AChR  through  a  region  of  extensive  (3-sheet 
that  forms  a  carapace,  excluding  water  from  the  AChR/ a-BTX  interface.58-60  It  can 
be  expected  that  the  a-BTX  binding  site  on  the  AChR  itself  will  also  be  formed  by  a 
P-sheet.  Both  protopes  al81-200  and  a55-74  spontaneously  fold  in  solution  to  form 
a  p-sheet.1-11  The  results  of  our  study  using  conservatively  substituted  analogues  of 
the  prototope  al  80-200  further  support  the  possibility  that  a  p-sheet  folding  of  this 
sequence  is  necessary  for  a-BTX  binding,  because  substitution  of  either  Q92  or  C393 
by  residues  with  side  chains  of  similar  size  (S  and  V)  is  not  tolerated,  nor  is 
substitution  by  H,  which  shares  polar  and  hydrophobic  properties.  C!92  and  C193  form 
a  highly  reactive  vicinal  disulfide  in  the  native  AChR  (reviewed  in  ref.  1)  which, 
however,  is  not  required  for  a-BTX  binding,  either  to  native  Torpedo  AChR  or  to  the 
synthetic  sequence  al81-200  (reviewed  in  ref.  1).  Therefore,  the  important  at¬ 
tributes  of  cysteinyl  residues  at  these  positions  do  not  involve  a  propensity  to  form  a 
vicinal  disulfide,  but  rather  are  a  function  of  the  size  and  hydrophobic  nature  of  the 
cysteinyl  side  chains. 

Structurally,  the  importance  of  the  C/C  pair  for  a-BTX  binding  is  also  demon¬ 
strated  by  the  inability  to  bind  a-BTX  of  a  peptide  analogue  of  al80-200,  where  a 
glycine  was  inserted  between  C]92  and  C393.  The  introduction  of  any  conformational 
flexibility  within  this  region  is  deleterious  for  a-BTX  binding,  as  shown  by  the 
inability  to  bind  a-BTX  of  peptide  analogues  of  al80-200,  where  two  glycines  were 
substituted  for  either  Pa84  or  P187. 

Both  vicinal  disulfides  and  proline  imides  have  a  propensity  to  form  nonplanar, 
cis  peptide  bonds.61-62  Two  adjacent  cis  peptide  bonds  could  act  together  to  cause  a 
turn  in  the  peptide  backbone,  providing  an  important  element  of  secondary  structure 
for  a-BTX  activity  of  this  prototope.  Molecular  modeling  of  this  region  indicates  that 
the  vicinal  disulfide,  Pi94  and  P197,  are  likely  to  induce  a  (3-turn.63-64  This  would  allow 
the  (3-strand  formed  by  this  peptide  to  fold-back  on  itself  and  stabilize  this  conforma¬ 
tion  by  |3-sheet  formation.62  Such  structure  would  complement  the  p-sheet  folding  of 
the  binding  area  of  the  a-BTX  molecule. 

The  guanidium  group  of  R37  on  a-BTX,  common  to  all  a-neurotoxins,  may  be 
analogous  to  the  quaternary  ammonium  group  of  ACh  and  other  nicotinic  agonists 
and  antagonists.65  A  complementary  negative  subsite  on  the  a  subunit  of  the  AChR 
was  proposed  to  involve  Di95,66  but  affinity  labeling  studies  have  indicated  that  this 
residue  is  not  involved  in  cation  stabilization  of  acetylcholine.67  Our  studies  also 
indicated  that  Di95  can  be  substituted  by  N  with  little  effect  on  a-BTX  binding. 
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An  alternative  model  for  a  complementary  binding  subsite  on  the  AChR  a 
subunit  for  the  quaternary  ammonium  of  ACh  is  suggested  by  two  other  systems  that 
indicate  that  cation  stabilization  can  be  provided  by  77-clectrons  from  aromatic  rings: 
(1)  a  synthetic  ACh  “receptor”  composed  entirely  of  aromatic  rings68  and  (2)  the 
structure  of  acetylcholinesterase,  whose  active  site  is  at  the  bottom  of  a  gorge  lined 
with  aromatic  amino  acids.69  Thus,  the  AChR  subsite  required  for  cation  stabiliza¬ 
tion  might  be  provided  by  the  ir-electrons  present  in  the  numerous  aromatic  residues 
of  both  the  prototopes  al81-200  and  a55— 74  (see  below).  Many  of  those  aromatic 
residues  are  crucial  or  important  for  a-BTX  binding.  Also,  in  neuronal  AChR  a 
subunits,  the  prototopes  for  a-  and  K-neurotoxins  are  rich  in  aromatic  residues, 
whose  substitution  is  frequently  poorly  or  not  tolerated. 

We  used  a  similar  approach  to  investigate  the  residues  within  the  sequence 
Torpedo  a55-74  involved  in  the  binding  of  a-BTX  and  a-NTX.17  This  sequence 
region  overlaps  the  sequence  segment  a67-76,  which  has  been  shown  to  contribute 
important  structural  elements  of  the  MIR  (reviewed  in  ref.  1).  However,  a-BTX  and 
anti-MIR  mAbs  bind  to  the  AChR  in  a  nonmutually  exclusive  way,  suggesting  that 
the  two  sides  do  not  overlap.  We  used  a  panel  of  single  residue  substituted  analogues 
of  the  sequence  Ta55-74  to  identify  the  residues  involved  in  a-neurotoxin  binding 
and  those  involved  in  the  binding  of  anti-MIR  mAbs.  Binding  of  a-BTX  and  a-NTX 
was  similarly  affected  by  substitutions  within  this  sequence.  The  overlap  between  the 
residues  important  for  a-neurotoxin  binding  and  those  involved  in  anti-MIR  Ab 
binding  was  minimal.  Substitution  of  several  positively  charged  or  aromatic  residues 
strongly  inhibited  a-BTX  binding;  of  those,  only  one  (W60)  significantly  reduced  the 
binding  of  two  anti-MIR  mAbs.  Only  substitution  of  residue  N^g  strongly  reduced  the 
binding  of  both  a-BTX  and  anti-MIR  mAbs.  These  results  are  consistent  with  a 
model  in  which  the  MIR  and  the  a-neurotoxin  binding  site,  although  within  the  same 
large  surface  area  of  the  native  AChR  and  very  close  to  each  other,  have  minimal 
overlap,  and  in  which  the  a-neurotoxin  binding  site  is  rich  in  aromatic  residues  (see 
above). 


RESIDUES  OF  THE  NEURONAL  <*5  SUBUNIT  SEQUENCE  INTERACTING 
WITH  a-BTX:  STUDIES  WITH  SINGLE  RESIDUE  SUBSTITUTED 
PEPTIDE  ANALOGUES 

The  a-BTX  binding  sequence  region  180-200  of  the  rat  a5  subunit  is  relatively 
divergent  as  compared  with  the  homologous  sequence  regions  of  Torpedo  and  muscle 
AChRs.  Amino  acid  residues  critical  for  a-BTX  binding  were  identified  by  testing 
the  effects  of  single  amino  acid  substitutions  to  G  or  A  for  each  residue  of  the  rat 
a5180-199  sequence  on  binding  of  a-BTX  to  the  substituted  peptide  analogues.15 
Substitutions  of  four  residues  (K]g4,  Ris?,  Q91,  and  P195)  abolished  a-BTX  binding; 
other  substitutions  (Gigs,  Ni^,  Dlg9,  Wi93,  Yi94,  and  Y]96)  lowered  its  affinity.  On  the 
other  hand,  substitutions  of  Q92  (homologous  to  Q93  of  Torpedo  AChR  a  subunit) 
did  not  affect  the  ability  of  the  a5  prototope  to  bind  a-BTX. 

The  lack  of  effect  of  substitution  of  one  of  the  vicinal  cysteines  underlines  that,  as 
discussed  above,  a  disulphide  bridge  between  them  is  not  crucial  for  a-BTX  binding. 
Presumably,  in  the  a5  prototope  the  several  nonconservative  changes,  as  compared  to 
the  homologous  Torpedo  and  muscle  prototopes,  stabilize  its  fi-sheet  conformation, 
even  in  the  absence  of  the  stabilizing  action  of  a  planar  m-disulphide  bridge. 
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The  importance  of  several  aromatic  amino  acids  for  a-BTX  binding  to  the  a5 
peptide  is  analogous  to  the  findings  reported  above  for  the  Torpedo  al 80-200 
sequence.  Thus,  despite  the  apparent  divergence  of  the  a5  sequence  from  other 
a-BTX  binding  a  subunits,  some  structural  features,  such  as  an  abundance  of 
aromatic  residues  and  amino  acids  able  to  contribute  electrostatic  and/or  hydrogen 
bond  interactions,  have  been  conserved. 


RESIDUES  OF  THE  NEURONAL  a3  SUBUNIT  SEQUENCE  INTERACTING 
WITH  k-NEUROTOXINS:  STUDIES  WITH  SINGLE  RESIDUE  SUBSTITUTED 

PEPTIDE  ANALOGUES 

Synthetic  peptide  analogues  of  the  sequence  a350-71,  in  which  each  amino  acid 
was  sequentially  replaced  by  a  glycine,  were  used  to  identify  the  amino  acid  side 
chains  involved  in  the  interaction  of  this  prototope  with  K-neurotoxins  by  testing 
their  ability  to  bind  [125I]k-BTX  and  [125I]k-FTX.12’16  No  single  substitution  obliter¬ 
ated  k-BTX  binding,  but  several  substitutions  lowered  the  affinity  of  this  peptide  for 
k-BTX — two  negatively  charged  residues  (E5)  and  D^)  and  several  aliphatic  and 
aromatic  residues  (L54,  L56,  and  Y63)-12 

[125I]k-FTX  binding  was  more  sensitive  to  amino  acid  substitutions  than  that  of 
[ 125 1] k-BTX.  16  Similar  to  k-BTX,  aliphatic  and  aromatic  amino  acid  residues  were 
important  for  k-FTX  binding  (L54,  Lsr,.  and  Y^,  also  involved  in  k-BTX  binding,  and 
additional  W  residues  at  positions  55,  60  and  67).  In  contrast  to  k-BTX,  however, 
positively  rather  than  negatively  charged  amino  acids  appeared  to  mediate  electro¬ 
static  interactions  with  k-FTX — K  residues  at  positions  57,  64,  66,  and  68. 

These  differences  in  amino  acid  specificity  can  be  correlated  with  sequence 
differences  of  k-BTX  and  k-FTX,  and  provide  clues  as  to  the  reason  for  these 
different  charge  requirements  and  the  residue  interactions  at  the  K-neurotoxin 
subunit  interface. 

k-FTX  and  k-BTX  are  both  highly  basic  (pi  8.8  and  9.1,  respectively)  and  share 
82%  sequence  identity:  the  different  residues  (12  out  of  66)  are  clustered  in  two 
sequence  regions  believed  to  interact  with  the  AChR,  region  I  (positions  23—33)  and 
region  II  (positions  43-54).70  Region  I  of  the  homologous  a-neurotoxins  interacts 
with  the  peripheral  AChR  a  subunit.58-61  Within  region  I  of  the  K-neurotoxins,  the 
amino  acid  substitutions  are  primarily  conservative  and  do  not  result  in  differences  in 
charge  distribution.  This  region  might  determine  the  overall  binding  specificity  of 
k-FTX  and  k-BTX  for  the  sequence  segment  a351-70.  The  amino  acid  substitutions 
of  region  II  result  in  a  different  overall  charge  and  differences  in  the  spatial 
arrangement  of  charged  groups.  E48  of  k-FTX,  which  is  Q  in  k-BTX,  may  determine 
the  relative  importance  for  positively  charged  groups  of  the  a351-70  sequence  for 
binding.  The  different  spatial  arrangements  of  an  arginine  residue  (positions  50  and 
52  of  k-BTX  and  k-FTX,  respectively)  may  account  for  the  unique  sensitivity  of 
k-BTX  binding  to  substitution  of  negatively  charged  residues  in  the  peptide  a351-70. 

A  common  requirement  for  the  binding  of  both  K-neurotoxins  is  the  presence  of 
several  aliphatic  and  aromatic  residues.  These  are  features  similar  to  those  identified 
as  structural  requirements  for  the  binding  of  a-neurotoxins  to  their  AChR  proto¬ 
topes,  supporting  the  notion  that  similar  mechanisms  may  apply  to  the  interaction  of 
the  different  AChR  isotypes  with  a-  or  K-neurotoxins,  and,  therefore,  that  the 
cholinergic  binding  site  may  have  similar  structure  in  all  AChRs. 
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SUMMARY  OF  THE  RESULTS  OF  STUDIES  ON  THE  STRUCTURE 
OF  CHOLINERGIC  BINDING  SITES  BY  USE  OF  SYNTHETIC 
OR  BIOSYNTHETIC  PEPTIDES 

The  studies  summarized  in  the  previous  sections  allow  the  following  conclusions: 

1.  At  least  two  sequence  segments  of  the  a  subunits,  which  always  include  the 
segment  containing  the  vicinal  cysteines,  contribute  to  form  the  cholinergic 
binding  sites  recognized  by  a-  and  K-neurotoxins.  These  sites  therefore  are 
complex  surface  areas,  formed  by  clusters  of  amino  acid  residues  from 
different  sequence  regions. 

2.  The  sequence  segments  contributing  to  the  cholinergic  site  are  in  similar 
positions  along  the  a  subunit  sequences,  suggesting  that  the  extracellular 
domain  of  all  a  subunits  folds  in  a  similar  manner. 

3.  The  sequence  region  a  180-200  is  very  conserved,  and  well  defined  clusters  of 
residues  surrounding  and  including  the  residues  C'ys j 92  and  Cy s : 93  are  involved 
in  interaction  with  a-BTX.  The  homologous  sequence  region  is  not  well 
conserved  in  neuronal  AChRs  that  bind  a-BTX,  and  the  residues  identified  as 
crucial  for  interaction  with  a-BTX  are  at  positions  different  from  those  of 
peripheral  AChRs.  Therefore,  there  is  no  universal  sequence  motif  with 
predictive  value  for  a-BTX  binding,  and  multiple,  nonconservative  substitu¬ 
tions  in  these  sequence  regions  during  evolution  of  the  AChR  proteins  have 
both  obscured  the  original  ancestral  sequence  and  reestablished,  as  a  result  of 
new  mutual  interactions,  a  structure  compatible  with  a-BTX  binding. 

4.  Although  Cysi92/Cysi93  are  involved  in  forming  the  toxin /a-sub unit  interface, 
a  vicinal  disulfide  bond  is  not  required  for  a-BTX  binding. 

5.  Within  the  relatively  large  area  of  the  cholinergic  site,  cholinergic  ligands  bind 
with  multiple  points  of  attachment,  and  ligand-specific  patterns  of  attachment 
points  exist.  This  may  be  the  molecular  basis  of  the  broad  spectra  of  binding 
affinities,  kinetic  parameters,  and  pharmacological  properties  observed  for 
the  different  cholinergic  ligands. 

6.  The  sequence  regions  al  8 1-200  and  a50-75  are  unusually  rich  in  aromatic 
residues,  whose  substitution  frequently  affects  a-  and  K-neurotoxin  binding. 
These  findings  suggest  that  the  anionic  cholinergic  binding  site  of  the  AChR  is 
formed  not  by  a  single  negatively  charged  residue,  but  rather  by  interaction  of 
the  -ir-electrons  of  aromatic  rings,  as  demonstrated  for  the  cholinergic  site  of 
acetylcholinesterase. 


CONCLUSIONS 

The  structural  requirements  for  a-  and  K-neurotoxin  binding  to  peripheral 
AChRs,  as  predicted  from  the  x-ray  structure  of  a-neurotoxins,  and  the  deduced 
structure  of  the  homologous  K-neurotoxin,  include  that  the  toxin /receptor  interface 
is  a  large  area  composed  of  residues  that  are  hydrophobic  or  aromatic.  These 
structural  predictions  have  been  born  out  by  studies  employing  synthetic  peptides. 
Qualitatively  similar  results  have  been  obtained  by  studying  the  binding  of  a-  and 
K-neurotoxin  prototopes,  supporting  the  notion  that  the  cholinergic  binding  site  may 
have  similar  structure  in  all  AChRs. 

We  have  summarized  previously  the  several  caveats  of  experimental  approaches 
which  employ  synthetic  sequences  excised  from  the  structural  context  of  the  cognate 
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protein,  as  representative  structural  elements  of  the  native  protein.  Great  caution 
must  be  exercised  in  extrapolating  the  results  of  low-affinity  binding  to  synthetic 
sequences  to  the  very  high-affinity  binding  sites  of  the  native,  heterooligomeric 
complexes  of  the  intact  AChR.  The  relative  contribution  to  binding  of  a-  or 
K-neurotoxins  of  an  individual  sequence  segment  observed  in  our  experiments  using 
peptides  may  not  be  representative  of  the  accessibility  or  conformation  of  that 
sequence  in  the  corresponding  native  AChR,  or  of  its  actual  importance  for 
high-affinity  toxin  binding  to  native  AChRs.  On  the  other  hand,  identification  of 
potential  sequence  regions  that  might  contribute  to  the  cholinergic  binding  site  on 
different  AChR  subtypes  will  make  it  possible  to  use  targeted  mutagenesis  and 
expression  of  functional  AChRs,  to  test  the  actual  importance  of  these  sequence 
regions  in  formation  of  the  high-affinity  sites  in  the  intact  receptor.  This  sort  of 
information  could  ultimately  be  used  for  the  rational  design  by  protein  engineering 
of  peptide  toxins  specific  for  a  given  AChR  subtype,  which  are  not  naturally 
occurring. 

[NOTE:  For  recent  reviews  published  by  our  group  on  these  matters,  see 
references  1  and  36;  also,  McLane,  K.  E.,  S.  J.  M.  Dunn,  A.  A.  Manfredi,  B.  M. 
Conti-Tronconi  &  M.  A.  Raftery,  1994,  “The  Nicotinic  Acetylcholine  Receptor  as  a 
Model  of  a  Superfamily  of  Ligand-Gated  Ion  Channel  Proteins,”  in  Handbook  for 
Protein  and  Peptide  Design,  P.  R.  Carey,  Ed.,  Academic  Press,  Orlando,  FL. 

Portions  of  this  article  have  been  reprinted,  by  permission  of  CRC  Press,  Boca 
Raton,  Florida,  from  “The  Nicotinic  Acetylcholine  Receptor:  Structure  and  Autoim¬ 
mune  Pathology”  by  B.  M.  Conti-Tronconi,  K.  E.  McLane,  M.  A.  Raftery,  S.  A. 
Grando,  and  M.  P.  Protti,  published  in  the  CRC  Critical  Reviews  in  Biochemistry 
and  Molecular  Biology,  1994,  Vol.  29:  69-123;  and  by  permission  of  Academic  Press, 
Inc.  from  “Use  of  Synthetic  Sequences  of  the  Nicotinic  Acetylcholine  Receptor  to 
Identify  Structural  Determinants  of  Binding  Sites  for  Neurotoxins  and  Antibodies  to 
the  Main  Immunogenic  Region”  by  K.  E.  McLane,  J.  L.  Wahlsten,  and  B.  M. 
Conti-Tronconi,  published  in  Methods:  A  Companion  to  Methods  Enzymology, 
1993,  Vol.  5:  201-211.] 
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EVIDENCE  FOR  nAChR  SUBTYPE  AND  SUBUNIT  DIVERSITY 

Nicotinic  acetylcholine  receptors  (nAChR)  are  now  known  to  exist  as  a  hetero¬ 
genous  group  of  macromolecules.1-4  In  retrospect,  it  is  surprising  that  the  concept  of 
nAChR  diversity  was  not  more  rapidly  and  widely  accepted.  Comparative  pharmaco¬ 
logical  studies  dating  from  the  times  of  Dale,  Paton,  and  their  contemporaries  clearly 
indicated  differences  in  nicotinic  drug  actions  at  the  vertebrate  neuromuscular 
junction  and  at  autonomic  ganglia.5-7  Other  pharmacological  studies  also  suggested 
that  nAChR  subtypes  distinct  from  those  found  in  muscle  and  ganglia  exist  in  the 
central  nervous  system  (CNS)  as  well,  based  on  differing  sensitivity  to  small  nicotinic 
agonists  or  antagonists.8-9  More  recent  studies  extended  those  observations  to 
different  classes  of  neurotoxins,  such  as  the  bungarotoxins  and  neosurugatoxin,  and 
to  more  reduced  preparations.2-41^12  This  evidence  for  nAChR  functional  diversity 
in  muscle,  ganglia,  and  brain  can  only  be  explained — given  that  possible  complica¬ 
tions  of  pharmacokinetics  are  excluded — if  there  is  structural  diversity  of  nAChR. 

Following  the  success  in  elucidation  of  the  structure  of  muscle-type  nAChR  from 
the  electric  organ  and  the  demonstration  that  muscle-type  nAChR  are  composed  of 
homologous,  but  distinct,  subunits,13-14  studies  employing  protein  chemical,  radioli¬ 
gand  binding,  and  immunochemical  techniques  also  demonstrated  the  existence  of 
structurally  distinct  nAChR  subtypes.2-4  About  the  time  that  pharmacological  fea¬ 
tures  were  being  assigned  to  these  distinct  entities  on  the  basis  of  functional  and 
radioligand  binding  studies,  the  application  of  recombinant  DNA  techniques  re¬ 
vealed  the  existence  of  a  family  of  homologous,  but  genetically  distinct,  nAChR 
subunits  that  were  expressed  not  in  muscle,  but  in  the  nervous  system.2^*-15  Currently, 
at  least  15  different  nAChR  subunit  genes,  including  5  expressed  in  muscle  and  10 
“neuronal”  nAChR  subunits,  have  been  identified.  Those  neuronal  nAChR  subunits 
that  have  tandem  cysteine  residues  near  the  putative  nicotinic  ligand-binding  active 
site  (i.e.,  in  which  features  of  the  ligand-binding  domain  of  the  al  subunit  are 
preserved)  are  defined  as  a  subunits,  whereas  those  neuronal  nAChR  subunits  that 
lack  the  tandem  cysteine  residues  but  that  retain  other  features  of  muscle  nAChR 
subunits  are  defined  as  non-a  or,  more  popularly,  £  subunits.  Tissue-  and/or  brain 
region-specific  expression  of  some  of  these  genes  restricts  possible  assignments  to 
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identified  nAChR  subtypes,  but  work  continues  to  elucidate  the  rules  that  define 
which  subunits  combine  to  form  unique  nAChR  subtypes.  Nevertheless,  it  is  clear 
that  diversity  in  nAChR  subunit  genes  provides  at  least  a  partial  basis  for  nAChR 
subtype  diversity. 


RELATIONSHIPS  BETWEEN  DIVERSE  nAChR  SUBUNITS 

Alignment  and  analysis  of  some  of  the  deduced  amino  acid  sequences  of  rat 
nAChR  subunits  provide  interesting  perspectives  on  possible  patterns  of  nAChR 
subunit  evolution  that  are  presently  consistent  with  known  properties  and  distribu¬ 
tions  of  the  products  of  nAChR  subunit  genes  (Fig.  1,  Table  1).  “Structural” 
subunits  of  rat  muscle  nAChR,  which  include  pi,  8,  fetal  y,  and  adult  e  subunits,14 
form  a  branch  in  the  nAChR  subunit  phylogenetic  tree  that  appears  to  have  diverged 
early  in  evolution  from  a  separate  branch  that  contains  the  “ligand-binding”  a 
subunits.  The  fetal  y/adult  e  subunit  pair  shares  (a  perhaps  surprisingly  low)  52% 
amino  acid  sequence  identity,  and  the  8  subunit  is  42/47%  identical  to  the  y/e 
subunit.  However,  no  more  than  40%  sequence  identity  exists  between  these 
subunits  and  the  [31  subunit  or  between  pi,  y,  8,  or  e  subunits  and  any  of  the  other 
subunits  in  the  ligand-binding  branch. 

The  a7  subunit,  which  is  a  constituent  of  at  least  some  of  the  neuronal/nicotinic 
a-bungarotoxin  binding  sites  of  the  CNS  and  probably  also  of  the  autonomic  nervous 
system  (ANS),10-16-18  is  the  most  distant  of  any  of  the  members  of  the  nAChR  subunit 
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FIGURE  1.  Dendrogram  or  phylogenetic  tree  diagram  showing  relationships  between  rat 
nAChR  subunit  amino  acid  sequences.  Amino  acid  sequences  for  rat  nAChR  subunits  were 
aligned  and  analyzed  for  sequence  similarity  according  to  the  PCGENE  program  CLUSTAL 
using  a  k-tuple  value  of  1,  a  gap  penalty  of  5,  a  window  size  of  10,  a  filtering  level  of  2.5,  and 
open  gap  and  unit  gap  costs  of  10.  The  program  fit  the  indicated  sequences  to  a  reference 
sequence  of  677  amino  acids.  Branch  points  farthest  to  the  right  indicate  subunits  with  highest 
degrees  of  identity  or  identity  plus  similarity  (65  and  73%,  respectively,  for  ot2  and  a4),  whereas 
branch  points  to  the  left  on  the  diagram  indicate  lower  degrees  of  identity  or  identity  plus 
similarity  (e.g.,  32  and  47%  for  pi,  y,  8,  and  e  globally  versus  the  other  subunits).  Although 
isolation  of  a  rat  nAChR  a6  subunit  gene  has  been  reported,  we  did  not  have  access  to  the 
amino  acid  sequence,  and  whereas  a  chick  nAChR  a8  subunit  gene  has  been  identified,  no  rat 
homolog  has  been  described. 
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table  i.  Percentage  Identity/Identity  Plus  Similarity  for  Rat  nAChR  Subunits" 


Sub¬ 
unit  al  a2  a3  a4  a5  a7  (3 1  (32  33  (34  7  5  € 

46/59  51/65  51/64  42/67  38/52  35/49  43/59  42/58  40/55  32/45  36/53  31/47 

54/64  65/73  50/65  39/51  37/51  44/57  53/66  46/59  32/43  36/50  30/43 

58/68  48/65  36/50  34/48  45/58  47/63  44/56  32/47  35/50  32/49 

52/68  36/48  37/52  50/62  53/67  48/61  33/44  34/49  30/43 

32/48  36/54  41/60  64/76  43/59  32/47  35/53  30/48 

28/41  31/46  33/46  38/52  25/35  23/33  22/34 
40/55  36/53  38/53  40/54  35/49  35/50 

40/58  61/71  35/47  39/54  34/47 

41/56  29/44  36/54  27/43 
37/49  39/54  33/46 
42/53  52/65 
47/63 


"Table  matrix  shows  (percentage  identity) /(percentage  identity  plus  similarity)  for  indicated 
rat  nAChR  subunits.  Amino  acid  sequences  for  rat  nAChR  subunits  were  aligned  and  analyzed 
pairwise  for  identity  and  similarity  according  to  the  PCGENE  program  ALIGN  using  the 
structure-genetic  comparison  matrix,  an  open  gap  cost  of  7  and  a  unit  gap  cost  of  1  where 
similar  amino  acid  groups  are  (single  letter  code)  A,S,T;  D,E;  N,Q;  R,K;  I,L,M,V;  and  F,Y,W. 
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family.  It  shares  less  than  40%  identity  with  other  members  of  the  ligand-binding 
branch  of  nAChR  subunits  and  less  than  25%  amino  acid  sequence  identity  with 
members  of  the  muscle  nAChR  structural  subunit  branch.  Perhaps  the  al  subunit  is 
just  the  first  member  in  a  third  branch  or  subfamily  of  rat  nAChR  subunits  that  will 
be  shown  to  also  include  other,  currently  unidentified  members  (the  chick  al  subunit 
shares  72%  identity  with  the  chick  a8  subunit,19  but  the  rat  homolog  of  a8  has  not  yet 
been  identified). 

The  a5  (found  in  both  the  CNS  and  ANS)  and  (33  (found,  to  date,  only  in  the 
CNS)  pair  of  subunits  share  64%  identity  and  constitute  a  subunit  group  of  the 
ligand-binding  subunit  branch  or  subfamily.20"21  It  is  interesting  that  no  functional 
role  for  either  of  these  subunits  has  yet  been  found,2"4  but  that  they  are  more  closely 
related  to  the  five  nAChR  subunits  that  are  known  to  have  functional  roles  in  the 
ANS  and  CNS  and  to  the  muscle  ligand-binding  al  subunit  (41-52%  and  40-53% 
identity  to  al-4,  (32,  and  (34  for  a5  and  |33,  respectively)  than  is  the  al  subunit. 

The  muscle  nAChR  al  subunit  is  more  like  the  a2-4  subunits  (46-51%  identity) 
than  it  is  like  any  of  the  others  (31—43%  identity  to  a5,  al,  (31-4,  y,  5  or  e).  It  seems  to 
have  diverged  more  recently  than  the  al  subunit  (and  at  about  the  same  time  as  the 
a5/|33  and  (32/(34  pairs)  in  evolution  from  the  other  truly  ligand-binding  subunits 
(a2-4). 

The  (32/(34  pair  of  structural  subunits,  both  of  which  are  found  in  the  ANS  and 
CNS,  share  61%  sequence  identity,  are  40-50%  identical  to  al-4  subunits,  and  are 
more  closely  related  to  the  a-bungarotoxin-insensitive,  neuronal  nAChR  a2-4 
subunits  than  to  |31,  (33,  or  other  muscle  nAChR  structural  subunits.  (32  and  (34 
subunits  are  distinctive  in  that  they  can  substitute  for  the  pi  subunit  as  a  functional 
partner  with  muscle  al,  y,  and  8  subunits,  and  they  can  combine  to  form  functional 
nAChR  with  either  al,  a3,  or  a4  subunits  in  the  Xenopus  oocyte  nAChR  expression 
system,2-4,15  thereby  truly  fulfilling  part  of  the  definition  of  structural  subunits. 
However,  because  they  can  also  influence  ligand  interactions  with  neuronal  al-4 
subunits,  they  represent  a  group  of  functionally  relevant  subunits  as  might  be 
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expected  for  structural  subunits  “displaced”  in  the  ligand-binding  branch  of  the 
nAChR  subunit  phylogenetic  tree. 

Diverging  next  from  the  main  branch  of  the  ligand-binding  subunit  subfamily  is 
the  a3  subunit,  which  shares  54-58%  identity  with  a2  and  a4  subunits  and  seems  to 
function  as  the  predominant  ligand-binding  subunit  in  autonomic  ganglia.22-25  The 
a3  subunit  is  also  expressed  in  a  narrowly  defined  range  of  brain  structures,  perhaps 
as  a  component  of  some  CNS  nAChR  that  may  help  to  control  neurotransmitter 
release.2-4  15-26-28  The  remaining  a2  and  a4  subunits  share  65%  identity  and  represent 
a  minor  and  the  dominant  ligand-binding  (high-affinity  agonist  binding)  subunit, 
respectively,  in  the  rat  CNS. 

In  the  phylogenetic  tree,  a3,  a5,  and  (34  subunits,  which  are  found  in  a  tight  gene 
cluster  in  the  rat  or  chicken,20-21  in  the  human  on  chromosome  15, 29  and  probably  in 
the  mouse  on  chromosome  9, 30  are  more  closely  related  to  other  subunits  than  to 
each  other,  suggesting  that  translocations  to  other  chromosomes  occurred  more 
recently  than  the  tandem  duplication  of  a  common  ancestor  that  may  have  given  rise 
to  this  cluster  of  genes.  Along  with  a7  and  (32  genes,  clustered  a3,  a5,  and  (34  subunit 
genes  are  expressed  in  autonomic  ganglia  and  related  clonal  cells21-25-31 ’^2  and  are 
coordinately  regulated  in  response  to  a  number  of  stimuli  (see  below).  Hence,  it  is 
perhaps  not  surprising  that  they  have  been  found,  in  chick,  to  combine  in  formation 
of  a  unique  ganglionic  nAChR  subtype.  What  is  not  evident  from  the  data  presented 
in  FIGURE  1  and  Table  1  is  the  basis  for  much  of  the  divergence  in  amino  acid 
sequences  between  nAChR  subunits.  All  nAChR  subunits  have  similar  patterns  of 
amino  acid  sequence  suggesting  that  they  contain  an  extended,  N-terminal,  extracel¬ 
lular  domain,  four  transmembrane  domains,  an  extended  cytoplasmic  loop  between 
the  third  and  fourth  transmembrane  domains,  and  an  extracellular  C-terminal  tail. 
The  putative,  extended  cytoplasmic  loops  are  almost  totally  unique  from  one  subunit 
to  another  not  only  in  amino  acid  sequence,  but  also  sometimes  in  length.  For 
example,  the  rat  a4  subunit  is  over  120  amino  acids  longer  than  the  a3  subunit  in  the 
putative  cytoplasmic  domain,  and  the  a2/a3  subunit  pair  shares  54%  amino  acid 
identity  across  the  full  sequence,  71%  identity  when  the  signal  sequence  and 
extended  cytoplasmic  loop  are  excluded,  and  only  20%  identity  through  the  signal 
sequence  and  cytoplasmic  loop.  Thus,  the  most  unique  feature  of  any  nAChR 
subunit  is  its  cytoplasmic  domain. 


FUNCTIONAL  RELEVANCE  OF  nAChR  SUBUNIT  AND  SUBTYPE 

DIVERSITY 

A  question  that  arises  from  these  discoveries  is,  What  is  the  functional  relevance 
of  nAChR  subtype  and  subunit  diversity?2  Part  of  the  answer  must  derive  from  the 
difficulties  presented  in  defining  functional  roles  of  nAChR  in  the  ANS  and  CNS  and 
from  recent  insights  gleaned  from  those  studies.2-4-33  Advances  in  understanding 
neuronal  nAChR  have  come  slowly,  perhaps  because  of  technical  limitations,  but 
also  perhaps  because  some  aspects  of  the  functional  relevance  of  nAChR  diversity 
are  already  evident  and  run  counter  to  dogma  based  on  our  classical  understanding 
of  muscle  and  ganglionic  nAChR.  For  example,  some  neuronal  nAChR  desensitize 
so  quickly  in  the  presence  of  agonists  that  it  now  is  not  surprising  that  their  functions 
(and  perhaps  those  of  other,  related  nAChR  subtypes)  escaped  detection  for  so 
long.11-12-16-34-35  Some  neuronal  nAChR  may  be  located  only  on  nerve  terminals  where 
their  activation  may  not  produce  easily  detectable  currents  but  where  they  could 
have  profound  effects  on  neurotransmitter  release.27-28  Some  neuronal  nAChR  may 
function  as  ligand-gated  Ca2+  channels  as  well  as  or  rather  than  ligand-gated  Na+ 
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channels.10-12’36’37  Established  and  more  contemporary  evidence  indicates  that  sensi¬ 
tivity  to  drugs,  including  exogenous  agents  such  as  nicotine  and  endogenous  acetyl¬ 
choline,  differs  across  tissues,  cell  types,  and  brain  regions  (i.e.,  across  nAChR 
subtypes)  and  that  diverse  nAChR  subunits  play  significant  roles  in  the  process  of 
cl r u g  selectivity.2-4’15’16’22’23’38-41  From  this  evidence  and  these  lines  of  reasoning,  it  is 
clear  that  part  of  the  functional  relevance  of  nAChR  diversity  is  that  it  allows  closely 
related  members  of  this  single  class  of  receptors  to  have  diverse  and  physiologically 
relevant  functions,  ligand  sensitivities,  and  tissue,  regional,  and  cellular/subcellular 
distributions. 

There  is  at  least  one  example  of  how  nAChR  functional  diversity  can  have 
physiological  ramifications  and  teleological  implications.  The  switch  from  a  fetal  to 
an  adult  phenotype  of  muscle  nAChR  that  occurs  about  the  time  of  motor  neuronal 
innervation  of  recently  differentiated  myotubes  simply  reflects  the  switch  from  y  to  e 
subunit  expression.2,42  Nevertheless,  fetal,  y-containing  nAChR  have  lower  conduc¬ 
tance  and  longer  mean  open  channel  times  than  do  adult,  e-containing  nAChR,  and 
fetal  nAChR  are  expressed  all  over  the  noninnervated  myotube  surface,  whereas 
adult  nAChR  expression  is  restricted  to  synaptic  junctions.  We  can  speculate  that 
this  subunit  switch  became  stabilized  through  evolution  because  it  conferred  a 
functional  advantage  to  developing  muscle,  in  which  fetal  nAChR  initially  function 
as  low-gain,  poorly  time-resolved,  innervation  sensors  distributed  widely  over  the 
muscle  cell,  whereas  adult  nAChR  expressed  only  subsynaptically  in  innervated 
muscle  function  as  high-gain  elements  best  designed  to  respond  to  rapid  chemical 
transients  as  would  occur  at  the  active  neuromotor  synapse.  Hence,  even  a  modest 
switch  in  expression  of  two  closely  related  subunits  contributes  to  a  dramatic 
remodeling  of  a  critical  synapse  as  well  as  changes  in  nAChR  function,  distribution, 

and  perhaps  drug  sensitivity.  . 

Another  perspective  on  the  functional  relevance  of  nAChR  diversity  comes  from 
an  understanding  of  the  critical  roles  that  nAChR  play  in  nervous  system  function 
throughout  the  organism.2  They  are  the  exclusive  mediators  of  excitatory  neurotrans¬ 
mission  at  the  neuromuscular  junction,  thereby  regulating  movement,  and  at  pregan¬ 
glionic-postganglionic  synapses,  thereby  regulating  all  autonomic  activity.  Given 
their  widespread  localization  throughout  the  brain  and  just  the  beginnings  of  their 
functional  characterization  at  those  sites,  neuronal  nAChR  must  share  with  iono¬ 
tropic  glutamate  receptors  and  serotonin  (5-HT3)  receptors  the  mediation  of  excit¬ 
atory  neurotransmission  that  completes  brain  neuronal  circuitry  and  contributes  to 
higher-order  brain  processes  including  perception,  cognition,  and  emotion.  Collec¬ 
tively,  the  functional  importance  of  nAChR  centrally  and  in  the  periphery  suggests 
that  they  are  ideal  targets  for  the  regulation  of  nervous  system  function. 

Does  nAChR  diversity  allow  for  diversity  in  regulation  of  nAChR  expression  as 
well  as  for  diversity  in  function,  ligand  selectivity,  and  distribution?2  Does  diversity  in 
regulation  of  nAChR  expression  dovetail  with  diversity  in  nAChR  and  their  func¬ 
tions  to  enhance  the  potential  for  plasticity  in  what  we  now  are  beginning  to  realize  is 
a  plastic  and  dynamic  nervous  system?  If  so,  then  we  are  only  beginning  to  appreciate 
the  functional  relevance  of  nAChR  diversity.  We  can  speculate  that  the  ability  of  a 
neuronal  cell  to  express  a  different  nAChR  subtype  during  development  or  in 
response  to  changes  in  its  environment  could  confer  a  functional  benefit  to  that  cell, 
just  as  it  seems  to  be  the  case  for  muscle  cells  expressing  fetal  versus  adult  nAChR 
and  subunit  genes  as  a  function  of  innervation  state.  For  example,  early  in  develop¬ 
ment,  a  nicotinic  cholinoceptive  cell  may  be  functioning  unconditionally  as  a  circuit 
element  whenever  its  dendritic  nAChR  sense  release  of  acetylcholine.  If  the  den¬ 
dritic  tree  grows  and  encounters  axons  whose  transmitters  cause  dendritic  levels  of 
some  second  messenger  to  increase,  and  if  the  function  of  the  expressed,  dendritic 
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nAChR  is  inhibited  in  the  presence  of  those  second  messengers,  then  that  cholinocep- 
tive  cell  may  have  altered  patterns  of  firing,  responding  now  as  a  conditional  circuit 
element  active  only  in  response  to  nicotinic  stimulation,  but  not  in  response  to 
simultaneous  nicotinic  stimulation  and  activation  of  second  messenger  production. 
Could  such  a  cell  change  its  pattern  of  nAChR  subunit  expression  to  alleviate  second 
messenger  sensitivity?  As  that  cell  innervates  its  targets,  or  as  the  cellular  dendritic 
tree  and  its  contacts  with  retrograde  circuit  elements  are  altered,  would  there  be 
changes  in  retrograde,  anterograde,  or  extracellular  matrix-bound  growth  factor 
influences  on  nAChR  expression  and,  hence,  cell  function?  How  would  such  a 
change  in  cell  environment  be  sensed,  and  how  could  a  message  to  alter  expression  of 
nAChR  subunits  be  transmitted? 


MECHANISMS  OF  REGULATION  OF  DIVERSE  nAChR  SUBTYPES 

Here  we  report  a  sampling  of  an  ongoing  series  of  studies  in  this  laboratory 
concerning  patterns  of  nAChR  regulation.  These  studies  are  designed  in  part  to 
define  some  mechanisms  of  regulation  of  nAChR  expression  and  function  and  the 
roles  of  nAChR  diversity  in  those  processes.  We  considered  the  potential  roles  of 
diversity  (1)  in  nAChR  subunit  genes  in  differential  transcriptional  control  of 
nAChR  expression  and  (2)  in  nAChR  subunit  amino  acid  sequences  in  differential 
posttranslational  control  of  nAChR  expression  and  modification  of  nAChR  function 
as  we  described  and  discussed  in  detail  previously.2  We  also  took  note  of  the 
uniqueness  of  amino  acid  sequences  in  putative  cytoplasmic  domains  across  nAChR 
subunits  and  for  a  given  subunit  across  species.  Even  though  sequences  for  a  given 
subunit  across  mammalian  species  typically  share  80-90%  identity  and  about  95% 
identity  plus  similarity,  cross-species  differences  in  sequence  most  often  appear  in 
the  cytoplasmic  domains  and  at  sites  that  may  have  functional  relevance.  For 
example,  three  putative  protein  kinase  C  phosphorylation  sites  are  present  in  the 
cytoplasmic  domain  of  the  rat  a3  subunit,  but  only  one  of  those  sites  is  preserved  in 
the  human  a3  sequence.  The  human  ct5  subunit  contains  four  putative  protein  kinase 
C  phosphorylation  sites  in  its  cytoplasmic  domain,  but  only  one  of  these  sites  is 
expressed  in  the  rat  a5  subunit  sequence.  Therefore,  we  considered  the  possibility 
that  homologous  subunits  in  different  species  may  be  regulated  differently.  Aside 
from  the  possible  roles  of  divergent  cytoplasmic  domains  in  conferring  differential 
sensitivity  of  nAChR  subtypes  and  subunits  to  actions  of  interacting  receptors 
altering  second  messenger  activity,  protein  kinase  activity,  and  nAChR  phosphoryla¬ 
tion  state,  we  also  considered  roles  that  cytoplasmic  domains  might  play  in  stabilizing 
nAChR  at  the  cell  surface,  in  targeting  nAChR  to  different  locales,  and  in  modulat¬ 
ing  nAChR  function  through  their  interactions  with  cytoskeletal  elements.  We  also 
have  examined  potential  roles  for  nicotinic  ligands  in  the  regulation  of  expression  of 
their  own  receptors,  and  of  growth  factor-mediated  effects  on  nAChR  expression. 

We  have  been  advocates  of  the  use  of  clonal  cell  lines  as  models  for  the 
identification  and  characterization  of  diverse  nAChR  subtypes,  and  some  of  our 
previous  (and  ongoing)  work  with  clonal  cells  contributes  to  continuing  development 
of  the  concept  of  nAChR  diversity.  We  now  further  advocate  the  use  of  clonal  cell 
lines  as  models  for  studies  of  mechanisms  of  nAChR  regulation.  We  argue  that 
clonal  cells  are  well  suited  for  such  an  application,  in  that  they  are  homogenous,  can 
be  generated  in  quantities  suitable  for  virtually  any  type  of  biochemical  application, 
and  can  be  subjected  to  electrophysiological  or  chemical  measures  of  nAChR 
function.  Clonal  cells  naturally  express  the  same  nAChR  subtypes  as  are  found  in 
analogous  non-neoplastic  tissues  from  which  the  tumor  cells  are  derived;  that  such 
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expression  is  under  the  control  of  natural  and  not  artificial  promoters  is  particularly 
relevant  to  studies  of  nAChR  regulation,  which  may  have  a  transcriptional  compo¬ 
nent.  We  found — and  will  continually  be  challenged  to  show — that  clonal  cells  also 
possess  similar,  if  not  identical,  intracellular  signaling  mechanisms  as  are  found  in 
their  non-neoplastic  analogs.  At  a  minimum,  this  allows  us  not  only  to  define 
mechanisms  of  nAChR  regulation,  but  also  to  narrow  the  realm  of  possibilities  for 
regulation  of  a  given  nAChR  subtype  by  an  interacting  neurotransmitter,  growth 
factor,  or  matrix  receptor  system  in  a  given  cell  type.  Obviously,  a  future  challenge 
will  be  to  extend  our  observations  to  non-neoplastic  tissues.  However,  at  present, 
particularly  if  the  phenomenology  of  a  drug  treatment  on  nAChR  in  a  clonal  cell  is 
similar  to  that  for  the  same  drug  treatment  on  a  non-neoplastic  cellular  analog,  the 
intensive  work  needed  to  establish  mechanisms  involved  is  more  expeditiously  done 
using  the  clonal  cell  line  models. 

The  three  cell  lines  that  we  used  as  models  for  our  studies  are  (1)  the  human 
TE671/RD  clone,  which  expresses  oil,  pi,  y,  and  8  subunits  in  a  fetal  muscle-type 
nAChR  that  mediates  a-bungarotoxin  (Bgt)-sensitive,  nicotinic  agonist-gated  mono¬ 
valent  cation  channel  activity  and  binds  [3H]-labeled  acetylcholine  ([3H]ACh)  or 
[125I]-labeled  a-bungarotoxin  (I-Bgt)  with  high  affinity;2  (2)  the  BC3H-1  mouse 
muscle  cell  line,  which  also  expresses  fetal  muscle  nAChR  subunits  as  a  Bgt- 
sensitive,  fetal,  muscle-type  nAChR;  and  (3)  and  the  SH-SY5Y  human  neuroblas¬ 
toma,  which  expresses  nAChR  a3,  a5,  a7,  (32,  and  (34  subunits  and  two  types  of 
neuronal  nAChR.22  We  use  the  term  neuronal/nicotinic  Bgt  binding  sites  (nBgtS)  in 
reference  to  high-affinity  I-Bgt  binding  sites  found  in  these  cells  that  seem  to  contain 
al  subunits  but  for  which  we  have  found  (to  date)  no  evidence  for  ion  channel 
function,  and  we  use  the  term  ganglia-type  nAChR  in  reference  to  other  neuronal 
nAChR  found  in  these  cells  that  appear  to  contain  a3  and  (34  subunits  that  mediate 
both  monovalent  cation  and  Ca2+  conductances  in  response  to  nicotinic  agonists  in  a 
Bgt-insensitive  manner  and  that  bind  [3H]ACh  with  high  affinity,  also  in  a  Bgt- 
insensitive  manner.22-43 


EFFECTS  OF  CHRONIC  NICOTINE  TREATMENT 

Previous  studies  from  this  laboratory  have  established  that  chronic  nicotine 
treatment  (1  mM)  leads  to  an  increase  in  numbers  of  muscle-type  nAChR  (I-Bgt 
binding  sites)  in  crude  membrane  preparations  of  TE671/RD  cells  that  is  evident 
within  6-12  h  of  drug  treatment  and  reaches  and  maintains  maximal  values  (2-3-fold 
increase)  after  one  day  and  for  as  long  as  five  days  of  drug  treatment.44  Other 
previous  work  established  that  nAChR  function  is  lost,  however,  even  during  this 
phase  of  nicotine-induced  up-regulation  of  nAChR  numbers.45  Phenomenologically, 
these  results  are  similar  to  those  observed  for  effects  of  chronic  nicotine  treatment  on 
cell  ganglia-type  nAChR  or  for  chronic  nicotine  treatment  on  mouse  or  rat  brain 
nAChR. 26,44-45  New  results  shown  here  indicate  that  these  effects  on  nAChR  num¬ 
bers  do  not  involve  either  transient  or  sustained  increases  in  levels  of  messenger 
RNA  coding  for  TE671  cell  al,  pi,  y  or  8  subunits  (Fig.  2).  We  made  similar 
observations  using  nicotine  treatment  of  primary  rat  cortical  neurons  in  culture  as  a 
model — in  this  case,  in  reference  to  high-affinity  [3H]nicotine  binding  sites  and 
mRNA  encoding  the  a4  and  (32  subunits  that  make  up  those  nAChR,  using  a  lower  (1 
|xM)  concentration  of  chronic  nicotine.46  Other  previous  work  using  an  intact  mouse 
model  showed  that  10  days  of  chronic  nicotine  infusion,  which  is  adequate  to  affect 
an  increase  in  [3H]nicotine  binding  sites,  failed  to  induce  a  sustained  increase  in 
nAChR  a4  or  p2  subunit  mRNA.26  Our  results  add  new  information  that  excludes  a 


160 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


cDNA  size 
probe  (kb) 


TE671/RD  cells 


alpha  1 


betal 


gamma 


delta 


GPDH 


c-fos 


2.2  -- 


2.5  - 

2.0  -7 


T.U 

3.2- 
Z0  ~ 


3.0  - 


1 2  ~ 

2.0  - 

1.3  - 


IP  mm  m  rn  m  m 


*■  ■ 


FIGURE  2.  Temporal  pattern  of  the  ef¬ 
fects  of  nicotine  treatment  on  muscle- 
type  nAChR  subunit  mRNA  levels  in 
TE671/RD  cells.  Northern  blot  analyses 
were  conducted  using  established  tech¬ 
niques  and  cDNA  probes  previously  de¬ 
scribed22-53  for  TE671/RD  cells  that  had 
been  treated  for  the  indicated  periods  with 
1  mM  nicotine  (nico)  or  with  no  added 
drug  (control).  Approximate  sizes  (kb)  of 
nAChR  subunit  transcripts  corresponding 
to  al,  (31,  7,  and  5  genes  are  shown  as  is 
mRNA  for  glyceraldehyde-3-phosphate  de¬ 
hydrogenase  (GPDH),  which  was  used  as  a 
control  for  mRNA  loading.  Quantitative 
densitometric  analysis  of  this  and  other 
experiments  indicates  that  there  are  no 
significant  increases  in  nAChR  subunit 
mRNA  levels  in  nicotine-treated  cells  rela¬ 
tive  to  drug-free  controls  when  data  are 
normalized  to  levels  of  GPDH  or  total 
(measured  by  densitometric  analysis  of  pho¬ 
tographic  negatives  of  ethidium-stained 
mRNA  in  the  smear  between  18S  and  28S 
ribosomal  RNAs)  mRNA.  Note  that  nico¬ 
tine  treatment  also  transiently  induces  ex¬ 
pression  of  c-fos  mRNA. 
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transient  effect  of  nicotine  treatment  on  nAChR  mRNA  levels  and  probably  on 
nAChR  gene  transcription.  Our  findings  also  reveal  for  the  first  time,  in  the  absence 
of  possible  pharmacokinetic  effects,  that  whereas  chronic  nicotine  treatment  can 
induce  comparable  increases  in  muscle-type  nAChR,  ganglia-type  nAChR,  or  CNS 
a4/(32-nAChR,  the  dose  of  nicotine  required  to  affect  those  changes  differs  from  one 
nAChR  subtype  to  another.  We  hypothesize  that  chronic  nicotine  exposure  first 
induces  a  loss  of  nAChR  function  that  somehow  is  sensed  by  the  cell  and/or  triggers 
an  increase  in  nAChR  expression  measurable  by  radioligand  binding,  but  that  this 
increase  does  not  involve  activation  of  nAChR  subunit  gene  transcription.  Contin¬ 
ued  studies  are  necessary  to  reveal  the  possible  posttranslational  mechanisms 
(enhanced  assembly  of  nAChR  subunits  into  detectable  nAChR  or  enhanced 
recruitment  of  nAChR  to  the  cell  surface  from  a  microsomal  pool)  involved  in  these 
effects.  However,  the  current  work  illustrates  how  mechanisms  of  nAChR  regulation 
can  sometimes  be  blind  to  nAChR  diversity.  Moreover,  these  new  findings  indicate 
that  nAChR  diversity  can  contribute  to  differences  in  ligand  sensitivity,  not  only  in 
regard  to  concentrations  of  drug  needed  to  acutely  trigger  nAChR  function,  but  also 
to  those  needed  to  chronically  alter  nAChR  expression  and/or  function.  That  the 
predominant  brain  nAChR  subtype  (but  not  muscle-  or  ganglia-type  nAChR)  is 
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affected  by  concentrations  of  nicotine  known  to  be  present  in  the  blood  of  smokers 
suggests  that  the  current  findings  are  relevant  to  the  process  of  nicotine  addiction  as 
an  event  of  the  CNS  and  helps  to  explain  why  chronic  nicotine  exposure  at  levels  seen 
in  smokers  is  comparatively  ineffective  in  chronically  altering  neuromuscular  or 
ganglionic  function. 


EFFECTS  OF  NERVE  GROWTH  FACTOR 

Previous  reports  in  the  literature  indicate  that  treatment  of  cells  of  the  PC12  rat 
pheochromocytoma  with  nerve  growth  factor  (NGF)  causes  an  increase  in  nAChR 
function47-49  and  numbers,50’51  and  a  recent  study  indicated  that  those  effects  are 
accompanied  by  an  increase  in  levels  of  nAChR  ct3,  a5,  al,  (32,  and  (34  subunit 
mRNA  levels.52  Cells  of  the  SH-SY5Y  human  neuroblastoma  express  the  same  range 
of  nAChR  subunits  and  subtypes  as  are  expressed  in  PC12  cells  or  non-neoplastic 
autonomic  neurons  of  neural  crest  origin.22  As  shown  in  FIGURE  3,  new  results 
indicate  that  levels  of  nAChR  a3,  a5,  and  (34  subunit  mRNA  increase  in  SH-SY5Y 
cells  treated  for  as  little  as  six  hours  or  for  as  long  as  five  days  with  human 


FIGURE  3.  Temporal  pattern  of  the  effects  of 
nerve  growth  factor  (NGF)  treatment  on  nAChR 
subunit  mRNA  levels  in  SH-SY5Y  cells.  Northern 
blot  analyses  were  conducted  using  established 
techniques  and  cDNA  probes  previously  de¬ 
scribed22’53  for  SH-SY5Y  cells  that  had  been  treated 
for  the  indicated  periods  with  50  ng/mL  NGF  or 
with  no  added  growth  factor  (control).  Approxi¬ 
mate  sizes  (kb)  of  nAChR  subunit  transcripts  cor¬ 
responding  to  a3,  (32,  (34,  and  o 6  genes  are  shown 
as  is  mRNA  for  glyceraldehyde-3-phosphate  dehy¬ 
drogenase,  which  was  used  as  a  control  for  mRNA 
loading.  Note  also  that  there  is  sustained  elevation 
of  both  c-fos  and  c-jun  mRNAs  on  NGF  treatment. 
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recombinant  NGF  (50  ng/mL).  Quantitative  densitometric  analysis  indicates  that 
about  a  threefold  increase  in  mRNA  levels  occurs  for  the  indicated  subunits,  but  not 
for  p2  subunit  mRNA,  levels  of  which  matched  those  of  the  loading  control 
(glyceraldehyde-3-phosphate  dehydrogenase;  GPDH).  These  results  indicate  that 
NGF  treatment  coordinate^  increases  the  expression  in  human  SH-SY5Y  cells  of 
the  three  neuronal  nAChR  subunit  genes  that  are  found  as  a  gene  cluster  in  chickens 
and  rats,  as  occurs  upon  treatment  with  phorbol  ester  (see  below).  This  observation 
supports  the  hypothesis  that  the  gene  cluster  acts  as  a  functional  unit.20-21  The 
finding  that  human  (32  gene  expression  in  SH-SY5Y  cells  is  not  altered  by  NGF 
treatments  that  affect  rat  32  gene  expression  in  PCI  2  cells52  (see  also  ref.  31) 
indicates  that  this  gene  can  be  uncoupled  from  the  others.  It  also  suggests  that 
differences  must  exist  in  sequences  of  human  and  rat  32  genes  in  a  region(s)  that 
confers  responsiveness  to  nuclear  transacting  factors  sensitive  to  actions  of  NGF  and 
perhaps  other  agents.  A  prediction  of  the  current  results  is  that  ganglia-type  nAChR 
numbers  and  function  will  be  increased  in  SH-SY5Y  cells  subjected  to  NGF 
treatment.  Given  that  NGF  effects  on  nAChR  subunit  mRNA  levels  occur  in 
wild-type  and  protein  kinase  A-deficient  PC12  cells52  and  that  both  NGF  and 
phorbol  ester  treatments  have  the  same  effects  on  nAChR  subunit  mRNA  levels  in 
SH-SY5Y  cells  (see  below),  another  prediction  is  that  the  protein  kinase  C  signaling 
pathway  may  mediate  some  of  the  effects  of  NGF  or  that  the  NGF  and  C-kinase 
signaling  pathways  converge  at  some  point  proximal  to  the  activation  of  nAChR 
subunit  gene  expression.  The  current  results  illustrate  how  nAChR  subunit  diversity 
across  species  may  influence  responses  of  nAChR  to  regulatory  influences,  indicate 
that  nAChR  levels  can  be  altered  by  pretranslational  mechanisms,  and  demonstrate 
that  growth  factors  can  profoundly  influence  nAChR  expression. 


POSSIBLE  ROLE  FOR  THE  CYTOSKELETON  IN  nAChR  REGULATION 

One  question  posed  above  was,  How  might  a  cell  sense  a  change  in  its  environ¬ 
ment,  and  how  could  it  transmit  signals  to  alter  expression  or  function  of  nAChR? 
The  classical  picture  of  the  role  of  the  cytoskeleton  in  receptor  biology  is  one  of  a 
relatively  passive,  structural  element  that  maintains  cell  shape  and  possibly  partici¬ 
pates  in  transport  and  local  organization  of  receptors,  perhaps  in  coordination  with 
outgrowth  of  dendritic  or  axonal  processes.  However,  some  of  our  recent  work,53 
particularly  from  the  perspective  of  other  reports  in  the  literature,  suggests  that  the 
cytoskeleton  may  play  a  more  dynamic  and  functional  role  in  the  regulation  of 
nAChR  expression  and  function.  Treatment  of  TE671/RD  cells  with  any  one  of  a 
variety  of  cytochalasins  (done  to  exclude  possible  effects  of  a  narrower  subset  of 
cytochalasins  on  cell  functions  or  processes  other  than  stability  of  actin  microfila¬ 
ments)  produces  changes  in  cell  size  and  shape  consistent  with  disruption  of  actin 
microfilament  networks,  that  is,  a  rapid  loss  (within  an  hour)  of  submembrane, 
phalloidin  staining  of  F-actin  fibers  coordinate  with  condensation  of  the  cell  into  a 
rounded  shape,  followed  by  enlargement  of  the  cell  soma  and  bipolar  process 
outgrowth  apparently  driven  by  extensive  polymerization  and  parallel  organization 
of  tubulin  filaments,  clearly  evident  within  two  days  of  the  start  of  cytochalasin 
treatment  (R.J.  Lukas,  unpublished  results).  Cytochalasin  treatment  also  produces  a 
steady  increase  over  four  days  of  drug  treatment  in  muscle-type  nAChR  numbers 
(i.e.,  I-Bgt  binding  sites)  in  total  membrane  fractions,  but  not  on  the  cell  surface.53 
nAChR  function  also  declines  (detectably  so  within  hours),  but  3-5-fold  increases 
occur  in  levels  of  nAChR  al,  3F  7;  and  S  subunit  mRNA  levels  at  two  days  of 
cytochalasin  treatment.  All  of  these  effects  appear  to  be  specific,  in  that  levels  of 
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other  mRNAs  and  numbers  of  other  receptors  (e.g.,  m3-type  muscarinic  acetylcho¬ 
line  receptors)  are  not  affected.  These  results  suggest  that  actin  microfilament 
integrity  is  necessary  for  maintenance  of  nAChR  function.  They  also  suggest  that 
actin  microfilament  integrity  may  play  a  role  in  tonic  inhibition  of  nAChR  subunit 
gene  expression,  perhaps  providing  a  mechanism  for  transmitting  signals  (possibly  to 
the  nucleus)  concerning  the  status  of  the  cell  membrane  and  its  receptors.53  Given 
that  process  outgrowth /retraction  in  neurons  can  be  influenced  by  neurotransmitters 
including  those  that  act  at  nAChR54-55  and  that  those  processes  must  involve 
reorganization  of  the  cytoskeleton,  it  is  clear  that  cytoskeletal  structure  and  nAChR 
activity  and  expression  can  influence  and  be  influenced  by  each  other.53  These 
studies  suggest,  for  example,  that  synaptic  remodeling  may  be  a  constant  in  the 
nervous  system,  influenced  by  interacting  receptor  activity  and  perhaps  mediated  by 
the  cytoskeleton  as  well  as  by  more  mobile  and  compact  signaling  molecules. 
Another  area  ripe  for  investigation  is  the  role  that  specific  actin-  or  tubulin- 
associated  proteins  play  as  chaperons  targeting  nAChR  via  their  unique  cytoplasmic 
domains  to  different  cellular  destinations  and  as  mediators  of  receptor-cytoskeletal 
signaling. 


ACTIONS  ON  nAChR  EXPRESSION  OF  AGENTS  TARGETING 

THE  NUCLEUS 

As  a  model  for  studies  of  extra-  or  intracellular  signals  that  might  be  involved  in 
mediating  the  presumably  neuronal  influences  on  nAChR  gene  expression  in  devel¬ 
oping  muscle,  we  initially  investigated  the  effects  of  dibutyryl  cyclic  AMP  (dbcAMP) 
on  muscle-type  nAChR  and  nAChR  subunit  gene  expression  in  BC3H-1  cells.56  We 
found  that  dbcAMP  treatment  induced  a  dramatic  loss  in  numbers  of  muscle-type 
nAChR  (i.e.,  I-Bgt  binding  sites)  and  nAChR  function.  Northern  blot  analysis 
indicated  that  substantial  (60-80%)  declines  occurred  in  levels  of  nAChR  al,  (31, 
and  8  subunit  mRNA,  just  as  occurs  in  normal  muscle  about  the  time  of  neuronal 
innervation,  but  also  that  there  was  a  virtually  complete  loss  (quantifiable  as  a 
250-fold  decline,  also  as  occurs  in  normal  muscle  about  the  time  of  neuronal 
innervation)  in  7  subunit  mRNA  levels.  The  loss  in  7  subunit  gene  expression  clearly 
accounted  for  the  loss  of  nAChR  numbers  and  function,  suggesting  that  gamma-less 
nAChR  expression  was  very  inefficient,  at  best,  and  that  dbcAMP  treatment  may 
access  a  signaling  pathway  that  is  involved  in  the  innervation-induced  changes  in 
nAChR  subunit  and  phenotype  expression  in  vivo.  Studies  of  the  time  course  for 
these  effects  and  pharmacological  dissection  indicated,  however,  that  the  effects  of 
dbcAMP  in  BC3H-1  cells  on  nAChR  subunit  gene  expression  were  attributable  to  the 
actions  of  butyrate,  which  must  be  generated  in  BC3H-I  cells  treated  with  dbcAMP 
by  hydrolysis  of  dbcAMP  to  butyrate  and  monobutyryl  cyclic  AMP.  Butyrate  is 
known  to  specifically  alter  the  expression  of  several  genes,  but  the  mechanism  for 
those  effects  is  presently  being  debated.57-58  Among  the  possibilities  are  the  effects  of 
butyrate  on  histone  acetylation,  thereby  affecting  nucleosome  structure,  or  on 
transacting  or  transcriptional  factors;  putative  butyrate  response  elements  have  been 
identified  in  promoter/enhancer  regions  of  viral  genes,  for  example.  The  BC3H-1 
butyrate  model  provides  an  opportunity  to  investigate  mechanisms  of  action  of 
butyrate  as  well  as  possible  nuclear  mechanisms  involved  in  the  nAChR  7/e  subunit 
switch.  These  studies  illustrate  how  nAChR  subunit  gene  expression  can  be  regu¬ 
lated  differentially  and  how  expression  of  nAChR  can  be  influenced  by  agents  that 
perhaps  are  specifically  targeted  to  the  nucleus. 
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SECOND  MESSENGER  REGULATION  OF  nAChR  EXPRESSION 

An  obvious  potential  mechanism  for  the  control  of  nAChR  expression  and 
function,  particularly  in  the  light  of  reports  in  the  literature  about  the  roles  of 
nAChR  phosphorylation  in  functional  desensitization  and  in  posttranslational  pro¬ 
cessing  of  nAChR,  is  via  second  messengers  that  alter  protein  kinase  activity.2-59 
Some  of  our  previous  studies  have  shown,  for  example,  that  muscle-type  nAChR 
expression  in  human  TE671/RD  cells  is  subject  to  second  messenger-sensitive 
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FIGURE  4.  Temporal  pattern  of  the  effects 
of  phorbol-12-myristate- 13-acetate  (PMA) 
treatment  on  muscle-type  nAChR  subunit 
mRNA  levels  in  TE671/RD  cells.  Northern 
blot  analyses  were  conducted  using  estab¬ 
lished  techniques  and  cDNA  probes  previ¬ 
ously  described22,53  for  TE671/RD  cells  that 
had  been  treated  for  the  indicated  periods 
with  10  p-M  PMA  or  with  no  added  drug 
(control).  Approximate  sizes  (kb)  of  nAChR 
subunit  transcripts  corresponding  to  al,  pi. 
y,  and  5  genes  are  shown,  as  is  mRNA  for 
glyceraldehyde-3-phosphate  dehydrogenase, 
which  was  used  as  a  control  for  mRNA  load¬ 
ing.  Note  that  PMA  treatment  also  tran¬ 
siently  elevates  c-fos  mRNA  levels. 
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regulation.60-61  Here,  we  describe  and  present  Northern  analysis  data  indicating  that 
some,  but  not  all,  of  these  effects  have  a  potential  transcriptional  basis.  Treatment  of 
TE671/RD  cells  with  phorbol-12-myristate-13-acetate  (PMA)  induces  a  temporally 
biphasic  effect  on  nAChR  expression  (i.e.,  I-Bgt  binding  sites  in  total  membrane 
preparations)  characterized  by  a  transient  loss  of  nAChR  followed  by  an  increase  to 
200%  of  control  levels  after  4-5  days  of  drug  treatment.  By  contrast,  treatment  with 
dbcAMP  (which  does  not  seem  to  lead  to  production  of  butyrate  in  these  cells), 
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induces  little-to-no  change  in  nAChR  numbers.  Whereas  Northern  analysis  reveals 
no  change  in  muscle-type  nAChR  subunit  mRNA  levels  in  dbcAMP-treated 
TE671/RD  cells,  in  cells  treated  with  PM  A,  levels  of  mRNA  corresponding  to  al, 
(31,  7,  and  8  subunits  follow  the  same  temporal  pattern  of  an  early  decline  followed 
by  an  up-regulation  as  is  seen  for  I-Bgt  binding  sites  (Fig.  4).  Hence,  in  this  case,  it  is 
likely  that  a  protein  kinase  C-sensitive  pathway  produces  changes  in  nAChR  subunit 
gene  transcription  to  influence  nAChR  numbers.  Interestingly,  treatment  of  SH- 
SY5Y  cells  with  PMA  also  produces  a  longer-term  increase  (of  about  4-5-fold  but 
without  a  transient  decline  as  seen  in  TE671/RD  cells)  in  transcript  levels  correspond¬ 
ing  to  nAChR  «3,  a 5,  and  (34  subunits  (but  not  (32  subunits;  data  not  shown), 
suggesting  that  a  variety  of  nAChR  genes  may  be  sensitive  to  protein  kinase 
C-mediated  signals.  Collectively,  these  studies  are  consistent  with  posttranslational 
effects  of  protein  kinase  A-mediated  signaling  on  nAChR  and  with  both  transcrip¬ 
tional  and  posttranslational  effects  (not  discussed  here)  of  protein  kinase  C- 
mediated  signaling. 


SUMMARY 

In  our  studies  we  explored  the  functional  relevance  of  nAChR  diversity,  in  part 
from  the  perspective  of  nAChR  as  ideal  targets  for  regulatory  influences,  including 
those  mediated  via  actions  of  ligands  at  other  “interacting”  receptors.  We  explored 
possible  mechanisms  for  nAChR  regulation  and  roles  played  by  nAChR  subtype  and 
subunit  diversity  in  those  processes.  We  showed  that  regulatory  factors  can  influence 
nAChR  numbers  at  transcriptional  and  posttranscriptional  levels  and  can  affect 
nAChR  function  and  subcellular  distribution.  We  also  demonstrated  that  nAChR 
expression  can  be  influenced  (1)  by  nicotinic  ligands,  (2)  by  second  messengers,  (3) 
by  growth  factors,  (4)  by  agents  targeting  the  nucleus,  and  (5)  by  agents  targeting  the 
cytoskeleton.  We  found  common  effects  of  some  regulatory  influences  on  more  than 
one  nAChR  subtype,  and  we  found  instances  where  regulatory  influences  differ  for 
different  cell  and  nAChR  types.  Even  from  the  very  limited  number  of  these  initial 
studies,  it  is  evident  that  nAChR  subunit  and  subtype  diversity,  which  alone  can 
provide  diversity  in  nAChR  functions,  localization,  and  ligand  sensitivity,  dovetails 
with  diversity  in  cellular  signaling  mechanisms  that  can  affect  nAChR  expression  to 
amplify  the  potential  functional  plasticity  of  cholinoceptive  cells.  As  examples,  we 
discussed  potential  roles  for  nAChR  diversity  and  regulatory  plasticity  in  synapse 
remodeling  and  in  changes  in  neuronal  circuit  conditions.  These  examples  illustrate 
how  nAChR  diversity  could  play  important  roles  in  the  regulation  of  nervous  system 
function. 
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The  primate  brain  contains  eight  major  cholinergic  cell  groups  that  project  to  other 
central  nervous  system  structures.  Many  of  these  cholinergic  cell  groups  do  not 
respect  traditional  nuclear  boundaries  and  their  constituent  cells  are  intermixed  with 
other  noncholinergic  neurons.  We  therefore  introduced  the  Chl-Ch8  nomenclature 
in  order  to  designate  the  cholinergic  (i.e.,  choline  acetyltransferase-containing) 
neurons  within  these  eight  cell  groups.1 

According  to  this  nomenclature,  Chi  designates  the  cholinergic  cells  associated 
with  the  medial  septal  nucleus,  Ch2  those  associated  with  the  vertical  nucleus  of  the 
diagonal  band,  Ch3  those  associated  with  the  horizontal  limb  of  the  diagonal  band 
nucleus,  Ch4  those  associated  with  the  nucleus  basalis  of  Meynert,  Ch5  those 
associated  with  the  pedunculopontine  nucleus  of  the  rostral  brain  stem,  Ch6  those 
associated  with  the  laterodorsal  tegmental  nucleus  also  in  the  rostral  brain  stem,  Ch7 
those  in  the  medial  habenula,  and  Ch8  those  in  the  parabigeminal  nucleus. 

Tracer  experiments  in  a  number  of  animal  species  have  shown  that  Chi  and  Ch2 
provide  the  major  cholinergic  innervation  for  the  hippocampal  complex,  Ch3  for  the 
olfactory  bulb,  Ch4  for  the  cerebral  cortex  and  amygdala,  Ch5  and  Ch6  for  the 
thalamus,  Ch7  for  interpeduncular  nucleus,  and  Ch8  for  the  superior  colliculus. 
There  are  also  lesser  connections  from  Chl-Ch4  and  Ch8  to  the  thalamus  and  from 
Ch5-Ch6  to  the  cerebral  cortex.12 

In  the  rodent  brain,  intrinsic  cholinergic  interneurons  may  provide  up  to  30%  of 
the  cholinergic  innervation  in  the  cerebral  cortex.  No  such  cholinergic  interneurons 
have  been  reported  in  the  adult  primate  cerebral  cortex  or  in  the  thalamus  of  any 
species  studied  thus  far.  The  cholinergic  innervation  of  the  adult  primate  cerebral 
cortex  and  thalamus  is  therefore  almost  exclusively  extrinsic. 


CHOLINERGIC  NEURONS  OF  THE  BASAL  FOREBRAIN 

The  basal  forebrain  of  the  primate  brain  contains  four  overlapping  constellations 
of  cholinergic  projection  neurons.  Studies  in  the  monkey  brain  show  that  approxi¬ 
mately  10%  of  perikarya  within  the  boundaries  of  the  medial  septal  nucleus  are 
cholinergic  and  belong  to  the  Chi  cell  group;  approximately  70%  of  neurons  in  the 
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vertical  limbic  nucleus  of  the  diagonal  band  are  cholinergic  and  belong  to  the  Ch2 
cell  group;  less  than  5%  of  neurons  in  the  horizontal  nucleus  of  the  diagonal  band  are 
cholinergic  and  belong  to  the  Ch3  cell  group;  approximately  90%  of  the  large 
neurons  in  the  nucleus  basalis  of  the  substantia  innominata  are  cholinergic  and 
belong  to  the  Ch4  cell  group.  Of  these  four  cholinergic  cell  groups,  the  Ch4  group  is 
by  far  the  largest  and  the  one  that  has  been  most  extensively  studied  in  the  human 
brain.3,4 

Because  nearly  90%  of  the  nucleus  basalis  (NB)  neurons  in  the  human  brain 
express  choline  acetyltransferase  (and  therefore  belong  to  Ch4),  this  cell  group  can 
also  be  designated  as  the  NB-Ch4  complex.  The  more  general  term  NB  can  be 
used  to  designate  all  of  the  components  in  this  nucleus  (large  and  small  cells, 
cholinergic  and  noncholinergic),  whereas  the  more  restrictive  Ch4  designation  is 
reserved  for  the  contingent  of  cholinergic  NB  neurons  as  revealed  by  ChAT 
immunohistochemistry. 

The  human  NB-Ch4  extends  from  the  level  of  the  olfactory  tubercle  to  that  of  the 
anterior  hippocampus,  spanning  a  distance  of  13-14  mm  in  the  sagittal  plane.  It 
attains  its  greatest  mediolateral  width  of  18  mm  within  the  substantia  innominata 
(subcommissural  gray).  Arendt  et  al .5  estimated  that  the  human  NB-Ch4  complex 
contains  200,000  neurons  in  each  hemisphere.  Thus,  the  NB-Ch4  contains  at  least  10 
times  as  many  neurons  as  the  nucleus  locus  coeruleus,  which  has  approximately 
15,000  neurons  in  the  adult  human  brain.6  On  topographical  grounds,  the  constituent 
neurons  of  the  human  NB-Ch4  complex  can  be  subdivided  into  six  sectors  that 
occupy  its  anteromedial  (Ch4am),  anterolateral  (NB-Ch4al),  anterointermediate 
(NB-Ch4ai),  intermediodorsal  (NB-Ch4id),  intermedioventral  (NB-Ch4iv),  and  pos¬ 
terior  (NB-Ch4p)  regions. 

Gorry7  has  shown  that  the  NB  displays  a  progressive  evolutionary  trend,  becom¬ 
ing  more  and  more  extensive  and  differentiated  in  more  highly  evolved  species, 
especially  in  primates  and  cetacea.  Our  observations  are  consistent  with  this  general 
view  and  show  that  the  human  NB-Ch4  is  a  highly  differentiated  and  relatively  large 
structure.  Although  many  morphological  features  of  the  human  NB-Ch4  are  similar 
to  those  described  for  the  rhesus  monkey,  there  is  also  a  sense  of  increased 
complexity  and  differentiation.  For  example,  a  prominent  Ch4ai  sector  is  easily 
identified  in  the  human  brain  but  not  in  the  rhesus  monkey.  In  addition  to  these 
“compact”  neuronal  sectors,  the  Ch4  complex  also  contains  interstitial  elements 
that  are  embedded  within  the  internal  capsule,  the  diagonal  band  of  Broca,  the 
anterior  commissure,  the  ansa  peduncularis,  the  inferior  thalamic  peduncle,  and  the 
ansa  lenticularis  (Fig.  1).  The  physiological  implications  of  this  intimate  association 
with  fiber  bundles  are  unknown.  Conceivably,  the  NB-Ch4  complex,  and  especially 
its  interstitial  components,  could  monitor  and  perhaps  influence  the  physiological 
activity  along  these  fiber  tracts.  The  presence  of  these  interstitial  components 
outside  the  traditional  boundaries  of  the  nucleus  basalis  is  another  reason  why  Ch4 
and  NB  are  not  synonymous  terms. 

No  strict  delineation  exists  between  the  boundaries  of  NB-Ch4  and  adjacent  cell 
groups  such  as  those  of  the  olfactory  tubercle,  preoptic  area,  hypothalamic  nuclei, 
striatal  structures,  nuclei  of  the  diagonal  band,  amygdaloid  nuclei,  and  globus 
pallidus.  In  addition  to  this  “open”  nuclear  structure,  the  neurons  of  NB-Ch4  are 
heteromorphic  in  shape  and  have  an  isodendritic  morphology  with  overlapping 
dendritic  fields,  many  of  which  extend  into  fiber  tracts  traversing  the  basal  forebrain. 
These  characteristics  are  also  present  in  the  nuclei  of  the  brain-stem  reticular 
formation  and  have  led  to  the  suggestion  that  the  NB-Ch4  complex  could  be 
conceptualized  as  a  telencephalic  extension  of  the  brain-stem  reticular  core.8 

All  neurons  of  the  Chl-Ch4  cell  groups  contain  AChE  and  ChAT  in  the 
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perikarya,  dendrites,  and  axons.  Approximately  90%  of  Chl-Ch4  neurons  express 
the  p75  low  affinity  nerve  growth  factor  receptor  (NGFr).9>10  Nearly  all  Chl-Ch4 
cholinergic  neurons  of  the  human  brain  also  express  calbindin  D28K.11  Considerable 
interspecies  differences  are  present  in  the  cytochemical  signature  of  basal  forebrain 
cholinergic  neurons.11  For  example,  20-30%  of  cholinergic  neurons  in  the  basal 
forebrain  of  the  rat  contain  reduced  nicotinamide-adenine-dinucleotide-phosphate- 
diaphorase  (NADPHd)  activity  (which  is  now  known  to  overlap  with  nitric  oxide 
synthase  activity12),  whereas  none  of  the  basal  forebrain  cholinergic  neurons  in  the 
monkey  or  human  brain  do  so.  Furthermore,  the  basal  forebrain  cholinergic  neurons 
of  the  rat  do  not  express  calbindin  D28K,  whereas  almost  all  Chl-Ch4  neurons  of  the 
monkey  and  human  do.  Differences  exist  among  primates  as  well.  For  example, 


FIGURE  1.  Choline  acetyltransferase  immunocytochemistry  in  the  human  brain  shows  intersti¬ 
tial  cholinergic  neurons  of  Ch4  embedded  within  the  internal  capsule.  Dorsal  is  to  the  top  and 
medial  to  the  left.  (Magnification,  150x;  reduced  to  75%. ) 


Chl-Ch4  neurons  of  the  monkey  express  galanin  whereas  this  does  not  occur  in  the 
human  brain.13  Such  cytochemical  differences  need  to  be  taken  into  account  when 
developing  animal  models  for  human  diseases  that  affect  the  basal  forebrain  cholin¬ 
ergic  cell  groups. 

Experimental  neuroanatomical  methods  in  the  monkey  brain  have  shown  that 
different  cortical  areas  receive  their  major  cholinergic  input  from  individual  sectors 
of  the  NB-Ch4  complex.  Thus,  Ch4am  provides  the  major  source  of  cholinergic  input 
to  medial  cortical  areas  including  the  cingulate  gyrus;  Ch4al  to  frontoparietal  and 
opercular  regions  and  the  amygdaloid  nuclei;  Ch4id-Ch4iv  to  laterodorsal  frontopa¬ 
rietal,  peristriate,  and  midtemporal  regions;  and  Ch4p  to  the  superior  temporal  and 
temporopolar  areas.4  The  experimental  methods  that  are  needed  to  reveal  this 
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topographical  arrangement  cannot  be  used  in  the  human  brain.  However,  indirect 
evidence  for  the  existence  of  a  similar  topographical  arrangement  can  be  gathered 
from  patients  with  Alzheimer’s  disease.  We  described  two  patients  in  whom  exten¬ 
sive  loss  of  cholinergic  fibers  in  temporopolar  but  not  frontal  opercular  cortex  was 
associated  with  marked  cell  loss  in  the  posterior  (Ch4p)  but  not  the  anterior 
(Ch4am  +  Ch4al)  sectors  of  Ch4.3  This  relationship  is  consistent  with  the  topogra¬ 
phy  of  the  projections  in  the  monkey  brain. 


FIGURE  2.  Choline  acetyltransferase-positive  (cholinergic)  axons  in  area  18  of  the  human 
brain.  Layer  I  is  at  the  top,  layer  III  at  the  bottom.  The  arrow  points  to  a  complex  pretermmal 
profile.  (Magnification,  266 x;  reduced  to  85%.) 


The  distribution  of  cholinergic  innervation  in  the  human  cerebral  cortex  has  been 
studied  in  detail  with  the  help  of  AChE  histochemistry,  ChAT  immunocytochemis- 
try,  and  NGFr  immunocytochemistry.14"16  All  cytoarchitectonic  regions  and  layers  of 
the  cerebral  cortex  display  a  dense  cholinergic  innervation  (Fig.  2).  These  fibers  have 
numerous  varicosities  and,  on  occasion,  complex  preterminal  profiles  arranged  in  the 
form  of  dense  clusters.  The  density  of  cholinergic  axons  is  higher  in  the  more 
superficial  layers  (layers  I,  II,  and  the  upper  parts  of  layer  III)  of  the  cerebral  cortex. 
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Major  and  statistically  significant  differences  also  are  found  in  the  overall  density 
of  cholinergic  axons  among  the  various  cytoarchitectonic  areas.  The  cholinergic 
innervation  of  primary  sensory,  unimodal,  and  heteromodal  association  areas  is 
significantly  lighter  than  that  of  paralimbic  and  limbic  areas.  Within  unimodal 
association  areas,  the  density  of  cholinergic  axons  and  varicosities  is  lower  in  the 
upstream  (parasensory)  sectors  than  in  the  downstream  sectors.  Within  paralimbic 
regions,  the  nonisocortical  sectors  have  a  higher  density  of  cholinergic  innervation 
than  the  isocortical  sectors.  The  highest  density  of  cholinergic  axons  occurs  in  core 
limbic  structures  such  as  the  hippocampus  and  the  amygdala. 

Within  the  hippocampal  complex,  the  highest  density  of  AChE-rich  cholinergic 
fibers  is  seen  in  a  thin  band  along  the  inner  edge  of  the  molecular  layer  of  the  dentate 
gyrus  and  within  parts  of  the  CA2,  CA3,  and  CA4  sectors.  The  subiculum  has  a 
cholinergic  innervation  that  is  lighter  than  that  of  the  other  hippocampal  sectors.17  In 
the  amygdala,  each  nucleus  has  a  slightly  different  profile  of  cholinergic  innerva¬ 
tion.18  The  density  is  highest  in  the  central  and  basal  lateral  nuclei  and  lightest  in  the 
lateral  nucleus.  The  medial  nucleus  is  the  only  region  of  the  amygdala  that  has 
virtually  no  cholinergic  innervation. 

In  all  cortical  and  hippocampal  fields,  NGFr  axonal  staining  is  of  approximately 
equivalent  density  to  that  of  axonal  ChAT,  providing  further  evidence  that  the 
majority  of  cholinergic  innervation  to  these  regions  arises  from  the  Chl-Ch4  cell 
groups.19  The  one  exception  occurs  in  the  amygdala,  especially  in  the  basolateral 
nucleus,  which  contains  very  light  NGFr  staining,  raising  the  possibility  that  the 
cholinergic  innervation  to  this  nucleus  and  perhaps  to  other  parts  of  the  amygdala 
arises  from  NGFr-negative  Chl-Ch4  neurons  or  from  cholinergic  neurons  in  the 
brain  stem. 


POSTSYNAPTIC  COMPONENTS  OF  CORTICAL  CHOLINERGIC  PATHWAYS 

Electronmicroscopic  studies  in  rodents  indicate  that  most  cortical  cholinergic 
axons  are  unmyelinated  and  that  they  make  symmetrical  and  asymmetrical  synaptic 
contacts  with  large  numbers  of  cortical  neurons.20,21  It  is  also  thought  that  some 
acetylcholine  may  be  released  outside  of  traditional  synaptic  contacts  and  that  it  may 
exert  its  effect  by  diffusion  into  receptor-containing  sites.22 

The  acetylcholine  released  from  presynaptic  cholinergic  axons  of  the  cerebral 
cortex  exert  their  neurotransmitter  effects  through  the  mediation  of  nicotinic  and 
muscarinic  receptors.  Muscarinic  receptors  predominate  in  the  mammalian  cerebral 
cortex.  Five  subtypes  of  muscarinic  cholinergic  receptors  (ml-m5)  have  been  recog¬ 
nized,  each  the  product  of  a  different  gene.23  24  Three  muscarinic  receptor  subtypes 
have  been  characterized  pharmacologically  (M1-M3),  and  of  these  the  Ml  and  M2 
subtypes  have  received  the  greatest  attention.  Autoradiographic  experiments  in  the 
rhesus  monkey  showed  that  the  pirenzepine-sensitive  Ml  receptors  were  far  more 
numerous  than  M2  receptors.  The  Ml  receptor  density  reaches  the  highest  levels  in 
components  of  limbic  and  association  cortex.  In  contrast,  the  M2  receptors  reach 
their  highest  densities  in  primary  sensory  and  motor  areas  of  the  cortex.25 

Immunocytochemical  studies  in  the  human  brain  have  identified  cortical  neurons 
which  express  nicotinic  and  muscarinic  receptors.  Such  neurons  are  localized  predomi¬ 
nantly  in  the  pyramidal  neurons  of  layers  III  and  V.  Approximately  30%  of 
immunopositive  pyramidal  neurons  were  found  to  display  immunoreactivity  for  both 
muscarinic  and  nicotinic  receptors.26 

It  is  thought  that  all  cholinoceptive  neurons  express  AChE  in  order  to  hydrolyze 
acetylcholine.  However,  only  a  subset  of  cholinoceptive  neurons  give  an  AChE-rich 
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histochemical  reaction.27,28  Some  of  these  AChE-rich  neurons  are  polymorphic  in 
shape  and  are  distributed  preferentially  in  the  deeper  cortical  layers  and  the 
subjacent  white  matter.  Others  are  pyramidal  in  shape  and  are  located  in  layers  III 
and  V.  Cholinergic  axons  are  thought  to  express  presynaptic  autoreceptors  which 
may  be  involved  in  the  autoregulation  of  acetylcholine  release. 


PHYSIOLOGICAL  AND  BEHAVIORAL  IMPLICATIONS 

The  physiological  effect  of  acetylcholine  on  cholinoceptive  cortical  neurons  is 
exceedingly  complex.  The  major  effect  of  acetylcholine  is  to  cause  a  relatively 
prolonged  reduction  of  potassium  conductance  so  as  to  make  cortical  cholinoceptive 
neurons  more  susceptible  to  other  excitatory  inputs.29,30  However,  the  effect  of 
acetylcholine  on  cortical  neurons  can  also  be  inhibitory,  either  directly  or  through  the 
mediation  of  GABAergic  iriterneurons. 

Because  all  regions  of  the  cerebral  cortex  receive  intense  cholinergic  innervation, 
it  is  not  surprising  that  all  aspects  of  cortical  function  are  influenced  by  cholinergic 
neurotransmission.  In  primary  visual  cortex,  for  example,  cholinergic  stimulation 
does  not  alter  the  orientation  specificity  of  a  given  neuron  but  increases  the 
likelihood  that  the  neuron  will  fire  in  response  to  its  preferred  stimulus.26  An 
analogous  effect  has  been  described  in  somatosensory  cortex.31 

The  Chl-Ch4  cell  groups  of  the  basal  forebrain  can  be  considered  as  a  telence- 
phalic  extension  of  the  brain-stem  reticular  formation  and  also  as  a  direct  extension 
of  basomedial  limbic  cortex.  This  dual  identity  helps  to  explain  why  arousal  and 
memory  are  the  two  major  behavioral  affiliations  of  the  Chi— Ch4  cell  groups. 
Experiments  in  rats  have  shown  that  the  cortical  cholinergic  projections  from  the 
basal  forebrain  plays  a  major  role  in  sustaining  at  least  one  component  of  the 
hippocampal  theta  rhythm  and  also  the  arousal-related  low  voltage  fast  activity  of  the 
cortical  EEG. 32,33  In  a  number  of  animal  species,  lesions  of  the  Ch4  cell  group  can 
cause  severe  impairments  of  memory  that  can  be  reversed  by  the  systemic  administra¬ 
tion  of  agonists.34,35 

Single-unit  studies  in  monkeys  have  shown  that  the  neurons  of  the  NB  (Ch4)  are 
particularly  sensitive  to  stimulus  novelty  and  to  the  motivational  relevance  of  sensory 
cues.36,37  The  novelty  and  behavioral  significance  of  a  sensory  event  can  therefore 
influence  the  cortical  release  of  acetylcholine  which,  in  turn,  modulates  the  cortical 
response  to  the  sensory  event.  Cortical  cholinergic  pathways  are  thus  in  a  position  to 
alter  the  neural  impact  of  sensory  experiences  according  to  their  behavioral  signifi¬ 
cance.  It  is  easy  to  see  how  such  a  circuitry  would  have  a  major  influence  on  cortical 
arousal.  In  keeping  with  this  interpretation,  the  muscarinic  blocking  agent  scopol¬ 
amine  attenuates  the  cortical  P-300  arousal  response  that  is  normally  elicited  by 
novel  or  surprising  stimuli.38 

The  relationship  of  the  Chl-Ch4  cell  groups  and  of  cortical  cholinergic  innerva¬ 
tion  to  memory  function  is  quite  complex.  Limbic  and  paralimbic  regions  of  the 
cerebral  cortex  are  known  to  play  a  critical  role  in  memory  and  learning.  The 
preferential  concentration  of  cholinergic  innervation  in  these  parts  of  cortex  may 
explain  why  cholinergic  antagonists  and  cholinoactive  drugs  seem  to  have  a  preferen¬ 
tial  effect  on  memory,  learning,  and  other  limbic  functions  such  as  mood,  motivation, 
and  aggression.39-41  The  role  of  acetylcholine  in  hippocampal  long-term  potentia¬ 
tion42  may  provide  another  mechanism  that  underlies  the  relationship  of  cholinergic 
pathways  to  memory. 

Recent  brain  slice  experiments  in  piriform  cortex  of  the  rat  have  shown  that 
acetylcholine  can  selectively  suppress  intrinsic  synaptic  transmission  through  a 
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presynaptic  mechanism,  while  leaving  extrinsic  afferent  input  unaffected.  This 
selective  suppression  could  prevent  interference  from  previously  stored  patterns 
during  the  learning  of  new  patterns.  Hasselmo  and  colleagues43  argued  that  this 
could  provide  a  novel  mechanism  through  which  cortical  cholinergic  innervation 
could  participate  in  new  learning.  Buzsaki44  proposed  a  model  according  to  which 
the  cholinergic  innervation,  especially  of  the  hippocampal  complex,  plays  a  major 
role  in  switching  from  on-line  attentive  processing,  characterized  by  the  hippocampal 
theta  rhythm,  to  an  off-line  period  of  consolidation,  characterized  by  sharp  wave 
activity  (see  ref.  45  for  review). 

Another  mechanism  that  links  cholinergic  axons  to  memory  and  learning  may  be 
related  to  the  differential  regional  density  of  cortical  cholinergic  innervation.  Experi¬ 
mental  evidence  leads  to  the  conclusion  that  sensory-limbic  pathways  play  pivotal 
roles  in  a  wide  range  of  behaviors  related  to  emotion,  motivation,  and  especially 
memory.46-47  The  process  starts  within  the  primary  sensory  areas  of  the  cerebral 
cortex  which  provide  a  portal  for  the  entry  of  sensory  information  into  cortical 
circuitry.  These  primary  areas  project  predominantly  to  upstream  (parasensoiy) 
unimodal  sensory  association  areas,  which,  in  turn,  project  to  downstream  unimodal 
areas  and  heteromodal  cortex.  The  heteromodal  and  downstream  unimodal  areas 
collectively  provide  the  major  source  of  sensory  information  into  paralimbic  and 
limbic  areas  of  the  brain.  Our  observations  show  that  the  density  of  cholinergic 
innervation  is  lower  within  unimodal  and  heteromodal  association  areas  than  in 
paralimbic  areas  of  the  brain.  In  the  unimodal  areas,  moreover,  the  downstream 
sectors  have  a  higher  density  of  cholinergic  innervation  than  the  upstream  sectors. 
Core  limbic  areas  such  as  the  amygdala  and  hippocampus  contain  the  highest 
densities  of  cholinergic  innervation.  This  pattern  of  differential  distribution  led  us  to 
suggest  that  sensory  information  is  likely  to  come  under  progressively  greater 
cholinergic  influence  as  it  is  conveyed  along  the  multisynaptic  pathways  leading  to 
the  limbic  system.  As  a  consequence  of  this  arrangement,  cortical  cholinergic 
innervation  may  help  to  channel  (or  gate)  sensory  information  into  and  out  of  the 
limbic  system  in  a  way  that  is  sensitive  to  the  behavioral  relevance  of  the  associated 
experience.  The  memory  disturbances  that  arise  after  damage  to  the  Chl-Ch4  cell 
groups  or  after  the  systemic  administration  of  cholinergic  antagonists  may  therefore 
reflect  a  disruption  of  sensory-limbic  interactions  which  are  crucial  for  effective 
memory  and  learning. 


TOWARDS  AN  EXPANDED  ASCENDING  RETICULAR 
ACTIVATING  SYSTEM 

In  addition  to  Chl-Ch4,  two  cholinergic  cell  groups  in  the  upper  brain  stem,  the 
Ch5  neurons  of  the  pedunculopontine  nucleus  and  the  Ch6  cell  group  of  the 
laterodorsal  tegmental  nucleus,  are  also  intimately  involved  in  the  modulation  of 
arousal.  The  Ch5  and  Ch6  cell  groups  provide  the  major  cholinergic  innervation  of 
the  thalamus.  Moruzzi  and  Magoun48  had  introduced  the  concept  of  a  brain-stem 
ascending  reticular  activating  system  (ARAS)  that  acted  to  desynchronize  the 
cortical  electroencephalogram  via  a  relay  in  the  thalamus.  Subsequent  work  revealed 
that  a  most  important  component  in  this  system  consists  of  a  cholinergic  reticulotha- 
lamic  pathway  that  facilitates  the  activation  of  corticopetal  relay  neurons  in  the 
thalamus.49-53 

The  physiological  relevance  of  this  pathway  to  the  reticular  activating  system  was 
demonstrated  by  Kayama  and  colleagues.54  They  identified  the  Ch5-Ch6  neurons 
with  NDPHd  histochemistry  and  showed  that  electrical  stimulation  of  these  neurons 
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causes  a  scopolamine-sensitive  activation  of  lateral  geniculate  neurons  and  even  an 
occasional  enhancement  of  their  response  to  photic  stimulation.  Electrical  stimula- 
tion  of  Ch5  also  causes  a  hyperpolarization  of  GABAergic  neurons  in  the  reticular 
nucleus  of  the  thalamus.  Because  the  neurons  of  the  reticular  nucleus  have  an 
inhibitory  effect  on  thalamic  relay  neurons,  the  net  effect  of  Ch5  stimulation  is  to 
disinhibit  thalamic  relay  nuclei.30  Thus,  the  Ch5-Ch6  neurons  can  facilitate  the 
transthalamic  (and  ultimately  corticopetal)  processing  of  sensory  information  in 
ways  that  could  further  modulate  arousal  and  attention. 

These  observations  show  that  the  original  concept  of  the  ARAS  needs  to  be 
expanded  to  include  at  least  two  sources  of  ascending  cholinergic  projections,  a 
traditional  one  in  the  upper  brain  stem  (Ch5-Ch6)  and  a  second  one  in  the  basal 
forebrain  (Chl-Ch4).  Noncholinergic  regulatory  pathways  that  arise  from  the  hypo¬ 
thalamus  (histaminergic),  ventral  tegmental  area  (dopaminergic),  nucleus  locus 
coeruleus  (noradrenergic),  and  brain-stem  raphe  (serotonergic)  and  that  send 
widespread  projections  to  the  cerebral  cortex  and  thalamus  are  also  part  of  this 
expanded  ARAS  (see  ref.  55  for  review).  Each  of  these  cholinergic  and  noncholiner¬ 
gic  projections  can  exert  a  powerful  influence  on  the  information  processing  state  of 
the  thalamus  and  cerebral  cortex  in  ways  that  influence  attentional,  emotional, 
motivational,  and  arousal  states.  The  collective  activity  of  these  ascending  regulatory 
pathways  provides  the  physiological  matrix  (or  state)  within  which  the  discrete, 
point-to-point  projections  that  interconnect  cortex,  thalamus,  and  the  basal  ganglia 
can  set  the  vectors  of  complex  behaviors  related  to  cognition  and  comportment.  The 
rapidly  accumulating  information  on  the  ascending  cholinergic  projections  provides 
a  blueprint  for  investigating  the  characteristics  of  the  other  components  of  this 
extremely  important  neural  system  in  the  human  brain. 
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Muscarinic  acetylcholine  receptors  (mAChR)  are  members  of  the  superfamily  of 
G-protein-coupled  cell  surface  receptors  that  are  characterized  by  the  presence  of 
seven  putative  transmembrane  domains.  Other  members  of  this  family  include 
alpha-  and  beta-adrenergic  receptors,  the  opsins,  olfactory  receptors,  the  dopamine 
receptors,  and  the  receptors  for  many  neuropeptide  and  glycoprotein  hormones  (see 
Dohlman  et  al. 1  for  review).  The  mAChR  themselves  represent  a  small  gene  family: 
the  genes  for  five  subtypes  of  mAChR  have  been  identified  by  molecular  cloning. 
Muscarinic  receptors  are  present  in  both  the  central  and  peripheral  nervous  systems, 
cardiac  and  smooth  muscle,  and  various  exocrine  glands  (see  Nathanson2  and 
Bonner3  for  review).  Muscarinic  receptors  produce  functional  responses  either  by 
regulating  the  activity  of  enzymes  such  as  adenylyl  cyclase  (AC)  or  phospholipase  C 
(PLC)  which  produce  intracellular  second  messengers,  or  by  regulation  of  ion 
channels  such  as  potassium  and  calcium  channels.  The  ml,  m3,  and  m5  receptors 
couple  preferentially  to  stimulation  of  PLC,  and  the  m2  and  m4  receptors  couple 
preferentially  to  inhibition  of  AC.  However,  the  specificity  of  mAChR  functional 
coupling  is  dependent  both  on  levels  of  receptor  expression  and  on  the  cell  type  in 
which  a  given  receptor  or  subtype  is  expressed  (see  Tietje  &  Nathanson4  and 
references  therein).  Muscarinic  receptor  number  can  be  altered  in  response  to 
sustained  agonist  exposure.  Short-term  agonist  exposure  (s  to  min)  causes  a  rapid 
removal  of  mAChR  from  the  cell  surface  (sequestration)  whereas  agonist  exposure 
for  longer  periods  of  time  (h)  causes  a  decrease  in  total  receptor  number  (down- 
regulation).  In  this  report  we  describe  studies  on  the  functional  analysis  of  mAChR 
coupling  mechanisms  using  a  reporter  gene  system  for  the  detection  of  mAChR- 
mediated  changes  in  intracellular  cAMP  levels.  We  also  demonstrate  that  a  tyrosine 
residue  in  the  intracellular  carboxyl  tail  of  the  m2  receptor  is  important  in  agonist- 
mediated  down-regulation  but  is  not  required  for  agonist-mediated  functional 
responsiveness  or  receptor  sequestration.  Finally,  we  also  demonstrate  that  long¬ 
term  agonist  activation  of  mAChR  in  chick  heart  cells  leads  to  decreases  in  the  level 
of  mAChR  mRNA  levels. 
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REGULATION  OF  cAMP-MEDIATED  GENE  EXPRESSION 
BY  MUSCARINIC  RECEPTORS  AND  G-PROTEINS 

We  used  a  luciferase  reporter  gene  under  the  transcriptional  control  of  a  cAMP 
response  element  (CRE)  to  measure  the  regulation  of  intracellular  cAMP  levels  and 
cAMP-regulated  gene  expression  in  response  to  mAChR  activation.5  Treatment  of 
transiently  transfected  JEG-3  human  choriocarcinoma  cells  with  forskolin,  which 
increases  intracellular  cAMP  levels  due  to  the  activation  of  adenylyl  cyclase,  results 
in  a  greater  than  10-fold  increase  in  luciferase  activity.  Expression  of  the  CRE- 
luciferase  reporter  gene  in  JEG-3  cells  is  not  significantly  regulated  by  changes  in 
intracellular  calcium  levels.  Treatment  of  untransfected  cells  with  the  muscarinic 
agonist  carbachol  does  not  result  in  an  increase  in  luciferase  expression,  even  though 
the  cells  express  a  low  level  of  endogenous  mAChR  which  mediate  a  3-5-fold 
carbachol-stimulation  of  phosphatidylinositol  turnover.  Furthermore,  treatment  with 
the  calcium  ionophore  A23187  or  with  the  phorbol  12-myristate,  13-acetate,  or  both 
together  only  results  in  small  increases  in  luciferase  expression.  Treatment  of  JEG-3 


FIGURE  1.  Time  course  of  ml-medi- 
ated  increase  in  luciferase  activity.  Two 
hours  are  required  to  detect  agonist 
stimulation  of  CRE-mediated  luciferase 
expression  in  ml -transfected  JEG-3  cells. 
Cells  transfected  with  the  ml  receptor 
and  the  CRE-luciferase  reporter  gene 
were  treated  with  carbachol  (1  mM)  for 
varying  amounts  of  time  prior  to  harvest¬ 
ing  and  determination  of  normalized  lu¬ 
ciferase  activity.  Data  are  the  mean  of 
triplicate  determinations  ±  SD.  CRE, 
cAMP  response  element. 


Incubation  Time,  hours 


cells  transiently  transfected  with  mouse  ml  and  chick  m4  mAChR  results  in 
8-10-fold  and  3-5-fold  increases,  respectively,  in  luciferase  activity.  In  order  to 
determine  the  amount  of  time  necessary  to  detect  changes  in  luciferase  expression, 
ml  transfected  cells  were  incubated  with  carbachol  for  varying  amounts  of  time  and 
harvested  immediately  thereafter  (Fig.  1).  Increases  in  luciferase  activity  are  first 
detectable  at  the  2-h  time  point  and  level  off  between  3  and  5  h.  In  order  to 
determine  the  minimal  duration  of  stimulation  required  to  observe  a  subsequent 
increase  in  luciferase  gene  activity,  JEG-3  cells  were  treated  with  either  carbachol  or 
forskolin  for  varying  amounts  of  time,  after  which  the  drug  was  removed  and  the  cells 
were  washed  and  reincubated  with  fresh  media.  All  cultures  were  harvested  5  h  from 
the  beginning  of  the  drug  treatment  period  (Fig.  2).  Stimulation  of  luciferase  activity 
mediated  by  ml  mAChR  was  easily  detectable  when  the  carbachol  was  removed 
after  only  a  5-min  incubation  and  peaked  after  3-5  h  of  incubation.  The  carbachol- 
mediated  responses  are  as  sensitive  to  inhibition  by  cotransfection  with  a  cAMP- 
dependent  protein  kinase  (PKA)  inhibitor  peptide  or  a  dominant  negative  mutant 
PKA  regulatory  subunit  as  is  the  forskolin-stimulated  response.  Thus,  ml-  and 
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m4-mediated  responses  are  dependent  upon  a  functional  cAMP-dependent  protein 
kinase. 

The  ml-  and  m4-mediated  increases  in  luciferase  expression  are  not  blocked  by 
pretreatment  with  pertussis  toxin,  and  the  m4  response  was  potentiated  by  it.  Thus, 
the  G-proteins  Gi  and  G0  are  not  involved.  The  most  reasonable  hypothesis  to 
explain  the  apparent  increase  in  intracellular  cAMP  is  that  the  ml  and  m4  receptors 
can  activate  adenylyl  cyclase  by  interacting  with  the  stimulatory  G-protein  Gs. 
Consistent  with  this  hypothesis,  both  the  ml6  and  m47  receptors  can  activate  adenylyl 
cyclase  activity  in  membranes  prepared  from  stably  transfected  cells. 

Atropine  treatment  of  JEG-3  cells  transiently  transfected  with  high  levels  of  m4 
mAChR,  but  not  ml,  causes  an  elevation  in  basal  levels  of  CRE-mediated  luciferase 
expression  in  the  absence  of  agonist.5  Furthermore,  treatment  of  m4-  but  not 
ml -transfected  cells  with  pertussis  toxin  caused  a  significant  increase  in  the  level  of 
luciferase  expression  in  the  absence  of  agonist.  These  results  suggest  that  the  m4 
receptor  is  spontaneously  active  and  can  cause  constitutive  inhibition  of  adenylyl 


FIGURE  2.  Induction  of  luciferase  ex- 
pression  after  carbachol  or  forskolin 
treatment.  Five  minutes  of  carbachol 
or  forskolin  treatment  are  sufficient  to 
detect  stimulation  of  CRE-mediated 
luciferase  expression  in  ml -transfected 
JEG-3  cells.  Cells  transfected  with  the 
ml  receptor  and  the  CRE-luciferase 
reporter  gene  were  treated  with  carba¬ 
chol  (1  mM;  open  circles)  or  forskolin 
(1  fiM;  closed  circles)  for  varying 
amounts  of  time  (0-5  h),  after  which 
the  cells  were  washed  and  allowed  to 
continue  incubation  until  5  h  after  the 
initial  administration  of  drug.  Data 
are  plotted  as  normalized  luciferase 
activity,  and  values  are  the  mean  of 
triplicate  determinations  ±  SD.  CRE, 
cAMP  response  element. 


cyclase  that  is  relieved  by  treatment  with  atropine.  This  suggests  that  the  unbound 
m4  receptor  exhibits  spontaneous  activity  and  that  binding  of  antagonist  induces  a 
change  in  the  conformation  of  the  receptor  that  prevents  it  from  interacting  with 
G-proteins.  This  hypothesis  is  supported  by  the  observation  that  atropine  dissociates 
mAChR-G-protein  complexes  in  rat  heart  membranes.8  Furthermore,  electrophysi- 
ological  evidence  indicates  that  mAChR  in  the  heart  may  exhibit  spontaneous 
activity  that  can  be  blocked  by  antagonist  treatment.9’10  Our  results  demonstrate  that 
an  antagonist  can  produce  a  subtype-specific  functional  response  in  the  absence  of 
agonist. 

Surprisingly,  the  m4  receptor  exhibits  little  if  any  agonist-induced  inhibition  of 
either  basal  or  forskolin-stimulated  luciferase  expression  at  either  low  or  high  levels 
of  receptor  expression.5  JEG-3  cells  express  Gia-1  and  Gja-3,  but  not  Gia-2. 
Cotransfection  of  G{(x-1  or  G^a-3  does  not  alter  the  m4-mediated  response,  whereas 
cotransfection  with  Gia-2  greatly  increases  the  ability  of  the  m4  receptor  to  inhibit 
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forskolin-stimulated  luciferase  expression.  Thus,  the  m4  receptor  requires  G;a-2  for 
optimal  agonist-mediated  inhibition  of  adenylyl  cyclase  activity. 


DIFFERENTIAL  ROLE  OF  CARBOXYL-TERMINAL  TYROSINE  IN 
AGONIST-INDUCED  DOWN  -REGULATION  OF  THE  m2  RECEPTOR 

Tyrosine  residues  located  in  the  cytoplasmic  tails  of  many  membrane  receptors 
are  necessary  for  agonist-induced  internalization  of  these  receptors  via  clathrin- 
coated  pits  (see  Goldman  &  Nathanson11  for  references).  In  addition,  either  of  the 
two  tyrosine  residues  located  in  the  cytoplasmic  tail  of  the  32-adrenergic  (32AR)  is 
required  for  the  down-regulation  but  not  the  sequestration  of  receptors  in  response 
to  agonist.12  The  mammalian  m2  receptor  has  a  single  tyrosine  residue  (Tyr-459)  in 
the  carboxyl  terminal  cytoplasmic  domain.  We  have  used  site-directed  mutagenesis 
to  determine  the  role  of  this  tyrosine  residue  in  the  regulation  and  function  of  the  m2 
receptor.11  We  found  that  substitution  of  Tyr-459  with  Phe,  Trp,  Ala,  or  He  affected 
neither  agonist  nor  antagonist  binding,  and  did  not  alter  the  ability  of  the  m2 
receptor  to  inhibit  the  accumulation  of  intracellular  cAMP.  Although  elimination  of 
Tyr-459  did  not  affect  agonist-induced  sequestration  of  the  m2  receptor,  the  sensitiv¬ 
ity  as  well  as  the  rate  and  extent  of  agonist-induced  down-regulation  was  attenuated 
in  the  Ala,  Phe,  and  Trp  mutant  m2  receptors.  Mutation  of  the  Tyr  to  He  resulted  in  a 
slight  decrease  in  the  sensitivity  of  the  m2  receptor  to  agonist-induced  down- 
regulation,  although  the  maximal  decrease  in  receptor  number  was  not  significantly 
different  from  the  wild-type  receptor. 

The  attenuation  of  down-regulation  observed  with  the  Phe  and  Trp  mutations 
indicates  that  the  aromatic  side  chain  of  the  Tyr  residue  is  not  sufficient  for 
down-regulation  of  the  m2  receptor.  The  similar  time  courses  for  agonist-induced 
down-regulation  between  the  wild-type  and  He  mutant  suggest  that  the  hydroxyl 
group  of  Tyr-459  is  not  required  for  agonist-induced  down-regulation  of  the  m2 
receptor.  The  results  suggest  that  Tyr-459  is  important  as  part  of  a  structural  motif  in 
which  subtle  changes  in  amino  acid  structure  or  size  might  perturb  the  overall 
structure  of  this  domain.  These  results  are  the  first  to  identify  a  site  in  the  mAChR 
involved  in  agonist-induced  down-regulation  and  the  first  to  make  mutations  that 
affect  the  long-term  down-regulation,  but  not  the  rapid  sequestration  of  the  mAChR. 


REGULATION  OF  mAChR  mRNA  BY  mAChR  ACTIVATION 

Cloning  studies  have  demonstrated  that  at  least  two  subtypes  of  mAChR  are 
expressed  in  the  embryonic  chick  heart,  the  cm2  and  cm4  receptors.4’13  We  found 
that  persistent  activation  of  the  mAChR  in  cultured  chick  heart  cells  with  the 
cholinergic  agonist  carbachol  causes  significant  decreases  in  the  levels  of  both  cm2 
and  cm4  mRNA.  The  level  of  mAChR  mRNA  was  measured  by  solution  hybridiza¬ 
tion  using  subtype-specific  riboprobes.  Treatment  with  carbachol  did  not  alter  the 
half-lives  of  either  the  cm2  or  the  cm4  mRNAs,  indicating  that  the  agonist  most  likely 
regulates  mRNA  levels  by  regulating  the  rate  of  gene  transcription.14  The  regulation 
of  mAChR  mRNA  by  the  agonist  has  important  functional  consequences,  as  it 
regulates  the  rate  of  reappearance  of  muscarinic  receptor  number  during  the 
recovery  from  agonist-induced  down-regulation  after  agonist  withdrawal.15 

The  regulation  of  mAChR  mRNA  levels  most  likely  results  from  a  change  in  the 
level  of  one  or  more  intracellular  second  messenger.  In  chick  heart,  activation  of 
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mAChR  causes  both  inhibition  of  adenylyl  cyclase  activity  and  stimulation  of  PLC 
activity.  Several  different  approaches  were  used  to  test  the  role  of  second  messenger 
systems  in  the  regulation  of  mAChR  mRNAs.  Embryonic  chick  heart  expresses  A1 
adenosine  receptors,  which  inhibit  AC  but  do  not  activate  PLC,  and  angiotensin  II 
receptors,  which  stimulate  PLC  but  do  not  inhibit  AC.  Although  activation  of  each 
receptor  separately  had  relatively  little  effect  on  mAChR  mRNA  levels,  concomitant 
activation  of  both  of  these  heterologous  receptor  pathways  resulted  in  significantly 
greater  decreased  mAChR  mRNA  levels.  These  results  suggest  that  regulation  of 
both  adenylyl  cyclase  and  PLC  activities  are  involved  in  the  regulation  of  mAChR 

gene  expression  by  mAChR  activation.14 

We  also  used  pharmacological  and  biochemical  experiments  to  test  if  both 
second  messenger  pathways  were  involved  in  regulation  of  mAChR  mRNA  levels 
following  homologous  receptor  activation.15  Treatment  of  cells  with  pertussis  toxin, 
which  blocks  coupling  of  muscarinic  receptors  to  AC  but  not  PLC,  blocked  the 
muscarinic  receptor-mediated  decrease  of  both  cm2  and  cm4  mRNA  levels.  Thus, 
inhibition  of  AC  activity  was  required  for  homologous  regulation  of  mAChR  mRNA. 
Incubation  of  chick  heart  cells  with  the  partial  agonist  pilocarpine,  which  causes 
inhibition  of  AC  activity  but  not  stimulation  of  PLC,  resulted  in  significantly  smaller 
decreases  of  receptor  mRNA  levels  than  agonists  such  as  carbachol  that  regulate 
both  second  messenger  systems.  Thus,  coupling  to  both  the  AC  and  PLC  pathways  is 
required  for  maximal  regulation  of  cm2  and  cm4  mRNA  levels  in  response  to 
mAChR  activation. 


CONCLUSIONS 

We  showed  that  the  CRE-luciferase  assay  is  a  convenient  system  for  the 
determination  of  mAChR-mediated  changes  in  intracellular  cAMP  levels.  This 
system  should  be  useful  for  the  determination  of  the  G-protein  coupling  specificity  of 
other  mAChR  subtypes  as  well  as  structure-function  analyses  of  G-protein  subunits. 
The  identification  of  a  potential  down-regulation  motif  in  the  m2  mAChR  will  allow 
the  determination  of  whether  similar  sequences  have  similar  roles  in  other  mAChR 
subtypes.  Finally,  the  identification  of  regulatory  sequences  in  the  mAChR  genes  will 
allow  determination  of  the  molecular  and  cellular  basis  for  the  regulation  of 
muscarinic  receptor  gene  expression  following  receptor  activation  by  acetylcholine. 
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Muscarinic  cholinergic  receptors  belong  to  the  family  of  G-protein-coupled  recep¬ 
tors  that  modulate  several  second  messenger  systems  including  those  of  cyclic  AMP 
and  inositol  trisphosphate.  The  actions  of  drugs  on  these  receptors  were  initially 
described  by  Dale,1  and  subsequently  large  numbers  of  compounds  have  been  shown 
to  be  agonists  or  antagonists  at  these  receptors.  In  the  1970s  and  1980s  several 
investigators  suggested  on  the  basis  of  pharmacological  data  that  subtypes  of 
muscarinic  receptors  must  exist;  Goyal  and  Rattan2  coined  the  terms  Ml  and  M2 
muscarinic  receptors  to  refer  to  receptors  having  high  and  low  affinity,  respectively, 
for  the  drug  pirenzepine.  Later  workers  further  subdivided  the  M2  class  of  receptors 
on  the  basis  of  selective  affinity  for  the  compound  AF-DX-116  and  defined  the  M3 
class  of  receptors  having  low  affinity  for  both  AF-DX-116  and  pirenzepine.3 

During  the  late  1980s  several  laboratories  reported  cloning  the  cDNA  and/or 
genes  encoding  muscarinic  receptors.4-10  In  all,  five  distinct  genes  were  identified  and 
these  molecularly  defined  subtypes  were  given  the  nomenclature  ml-m5,  using 
lowercase  m  to  distinguish  them  from  the  pharmacologically  defined  M1-M3  recep¬ 
tors  described  above.  The  ml,  and  to  some  extent  the  m4,  receptor  corresponded 
with  the  Ml  receptor;  the  m2,  and  to  some  extent  the  m4,  receptor  corresponded 
with  the  M2  receptor;  the  m3  receptor  corresponded  with  the  M3  receptor;  it  was 
unclear  where  the  m5  receptor  would  be  classified  pharmacologically.  Thus,  the 
pharmacological  classification  methodology  available  does  not  have  the  tools  to 
define  unequivocally  a  given  molecularly  defined  subtype  of  muscarinic  receptor.  In 
response  to  this  problem,  we  embarked  on  a  program  to  develop  a  set  of  antisera  that 
selectively  recognizes  each  of  the  five  molecularly  defined  subtypes. 

The  general  approach  to  obtaining  selective  antisera  was  to  determine  which 
parts  of  the  primary  sequence  of  the  proteins,  as  deduced  from  the  DNA  sequence, 
were  unique  to  each  subtype  and  to  utilize  proteins  or  peptides  based  on  these 
sequences  as  antigens.  The  muscarinic  receptors,  as  for  all  known  G-protein- 
coupled  receptors,  are  monomers  that  have  seven  membrane-spanning  regions  with 
the  N-terminus  on  the  outside  and  the  C-terminus  on  the  inside  of  the  cell.  In 
general,  the  regions  that  are  most  unique  between  receptor  subtypes  include  the 
N-terminal  region,  the  third  intracellular  loop  (13),  and  the  C-terminal  region. 
Among  these  the  13  loop  is  large  (approximately  170-230  amino  acids)  and,  with  the 
exception  of  the  first  10  to  15  amino  acids  nearest  the  membrane,  is  quite  different 
for  all  five  subtypes.  In  addition,  the  13  loop  is  fairly  hydrophilic,  a  property  that  often 
increases  the  antigenicity  of  a  protein.  This  region  was  thus  chosen  as  a  good 
immunogen  to  raise  antisera  against. 
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The  cDNA  encoding  the  13  loops  of  each  of  the  five  muscarinic  receptor  subtypes 
was  subcloned  into  expression  vectors.  Ditferent  vectors  were  used  for  the  proteins 
because  the  experiments  were  performed  over  a  two-year  period  in  which  new  and 
better  vectors  became  available.  Thus,  the  ml,  m2,  and  m4  cDNA  was  cloned  into 
pRIT,  an  expression  vector  that  is  driven  by  a  strong,  constitutively-active  promoter 
and  expresses  the  IgG-binding  domains  of  protein  A.11-13  Thus,  the  resultant  fusion 
proteins  were  easily  purified  using  an  IgG-Sepharose  column.  For  the  m5  receptor 
the  cDNA  was  cloned  into  pET3,  which  has  an  inducible  promoter  that  drives 
expression  levels  to  extremely  high  levels.13  The  protein  produced  from  this  vector 
does  not,  however,  have  an  “affinity  handle,”  and  it  was  thus  purified  by  size- 
exclusion  chromatography.  The  m3  receptor  cDNA  initially  proved  difficult  in  that 
the  proteins  expressed  using  pRIT  and  pET3  were  both  badly  degraded.  Thus,  initial 
antisera  were  raised  to  a  unique  small  peptide  corresponding  to  a  region  in  the 
C-terminus.14  In  later  experiments,  however,  the  cDNA  encoding  the  13  loop  of  the 
m3  receptor  was  cloned  into  the  vector  pGEX3,  which  has  an  inducible  promoter, 
and  the  resultant  protein  is  fused  to  the  enzyme  glutathione-S-transferase  (Li  and 
Wolfe,  unpublished  data).  The  fusion  protein  is  thus  easily  purified  over  a  glutathione- 
agarose  column. 

Using  these  fusion  proteins,  or  peptide  in  the  case  of  m3,  we  injected  rabbits; 
antisera  were  tested  to  determine  whether  antibodies  were  present  that  selectively 
recognized  a  specific  subtype  of  muscarinic  receptor.  The  assay  that  proved  to  be  the 
most  fruitful  was  immunoprecipitation  of  the  radiolabeled  receptor.  As  shown  in 
Fig.  1,  in  this  assay,  receptors  in  membrane  preparations  are  first  labeled  at  32  °C 
with  the  high-affinity  muscarinic  antagonist  [3H]QNB.  This  ligand  is  very  specific  for 
muscarinic  receptors  in  that  it  does  not  seem  to  bind  to  other  sites  and  has  very  low 
levels  of  “nonspecific”  binding.15  This  ligand  seems  to  have  similar  affinities  for  all 
five  subtypes  of  muscarinic  receptor  with  a  Kj  value  near  10  pM  (Wolfe,  unpublished 
data).  Receptors  are  labeled  with  a  concentration  (0.5-2  nM)  of  [3H]QNB  that 
occupies  nearly  all  receptors.  Samples  are  then  cooled  to  4  °C  at  which  temperature 
the  ligand  has  negligible  dissociation  over  a  two-day  period.11  The  labeled  receptors 
are  then  solubilized  in  digitonin  and  a  high  speed  supernatant  is  produced.  This 
supernatant  containing  the  labeled  receptors  is  incubated  with  the  putative  antise¬ 
rum  for  40-55  h  at  4  °C.  The  IgG  molecules  in  the  antiserum  are  then  complexed  to 
Protein  A  on  the  surface  of  fixed  bacteria  to  allow  for  the  protein  A/IgG/receptor/ 
[3H]QNB  complex  to  be  easily  sedimented  in  a  microcentrifuge.11 

For  these  immunoprecipitation  experiments,  cells  transfected  with  the  cDNA 
encoding  a  single,  defined  subtype  were  used  as  a  source  of  muscarinic  receptors.  It 
was  found  that  a  given  antiserum  would  immunoprecipitate  approximately  90%  of 
the  labeled  receptors  from  cells  expressing  the  appropriate  receptor  and  less  than 
2%  of  labeled  receptors  from  cells  expressing  the  inappropriate  receptor.11-14  Thus, 
the  antisera  were  selective  and  quantitative  in  their  ability  to  recognize  each  subtype 
of  muscarinic  receptor  and  represented  tools  with  which  to  study  the  distribution  and 
density  of  the  muscarinic  receptor  subtypes. 

A  number  of  studies  have  been  carried  out  using  these  antisera.  Initial  experi¬ 
ments  determined  the  general  distribution  of  muscarinic  receptor  subtypes  in  rat 
brain  and  certain  peripheral  organs.  Thus,  as  shown  in  Figure  2,  all  subtypes  except 
m5  are  expressed  at  reasonably  high  (>200  fmol/mg  protein)  levels  compared  to  a 
number  of  other  receptors  in  the  rat  brain.  The  ml  receptor,  for  example,  is 
expressed  at  high  levels  (>800  fmol/mg)  in  the  rostral  portions  of  the  rat  brain 
including  the  cortex,  hippocampus,  striatum,  and  olfactory  tubercule.  In  the  mid¬ 
brain,  and  pons-medulla  it  was  expressed  at  much  lower  levels,  and  in  cerebellum  ml 
receptors  are  only  barely  detectable.  The  profile  for  the  m2  receptor,  on  the  other 
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FIGURE  1.  Method  for  immunoprecipitation  of  radiolabeled  muscarinic  receptor  subtypes. 
Membrane-bound  muscarinic  receptors  (R)  are  incubated  at  32  °C  with  [3H]QNB  (Q)  at  a 
concentration  (0.5-2  nM)  that  will  occupy  essentially  all  of  each  subtype.  Samples  are  cooled  to 
4  °C,  centrifuged,  and  the  membranes  washed  to  remove  free  ligand.  Labeled  receptors  are 
solubilized  in  1%  digitonin  and  the  high  speed  (80,000  x  g)  supernatant  is  incubated  with  a 
subtype-selective  antiserum  (Ab).  Following  40  to  55  h  of  incubation  at  4  °C,  Pansorbin  (PS; 
fixed  bacteria  expressing  protein  A  on  their  cell  wall)  is  added,  and  the  [3H]QNB/receptor/ 
antibody/Pansorbin  complex  is  sedimented  to  separate  labeled  subtypes. 


hand,  shows  that  this  receptor  subtype  is  distributed  throughout  the  brain  in  a 
relatively  homogeneous  manner  with  levels  in  most  areas  being  around  250-400 
pmol/mg.  In  the  cerebellum  m2  receptor  density  is  only  about  150  pmol/mg,  but  this 
still  represents  the  majority  of  the  muscarinic  receptors  expressed  in  this  brain  area. 
The  m3  subtype  is  expressed  in  a  pattern  somewhat  similar  to  that  seen  for  ml  albeit 
at  lower  levels.  Thus,  there  is  a  clear  rostral-to-caudal  gradient  of  m3  receptor 
expression.  The  m4  receptor  is  most  highly  expressed  in  the  striatum  where  levels  are 
nearly  1300  fmol/mg,  the  highest  level  of  any  single  subtype  in  any  area  of  the  brain 
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examined.  This  subtype  is  also  poorly  expressed  in  the  caudal  portions  of  the  brain. 
The  m5  muscarinic  receptor  was  found,  on  the  other  hand,  to  be  in  very  low 
abundance  anywhere  in  the  brain  with  reliably  detectable  values  (15-25  fmol/mg) 
found  only  in  the  hippocampus,  striatum,  and  midbrain. 


FIGURE  2.  Regional  distribution  of  muscarinic  re¬ 
ceptor  subtypes  in  rat  brain.  Rat  brain  was  dissected 
into  seven  regions:  cortex  (CX),  hippocampus  (HP), 
striatum  (ST),  olfactory  tubercule  (OT),  midbrain 
(MB),  pons-medulla  (PM),  and  cerebellum  (CB). 
Midbrain  contained  structures  such  as  the  thala¬ 
mus,  hypothalamus,  and  substantia  nigra.  Tissues 
were  processed  as  described  in  Figure  1  to  obtain 
the  percent  of  each  subtype  in  a  given  tissue.  Total 
density  of  muscarinic  receptors  was  determined  by 
[3H]QNB  binding.  The  percentage  of  a  specific  re¬ 
ceptor  subtype  in  a  given  tissue  was  multiplied  by 
the  total  density  of  muscarinic  receptors  in  that 
tissue  to  obtain  the  density  (in  fmol/mg  protein)  of 
the  subtype.  Data  are  adapted  from  Wall  et  a/.,1114 
Li  et  al., 12  and  Yasuda  et  al. 13 


CX  HP  ST  OT  MB  PM  CB 


BRAIN  REGIONS 
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It  is  interesting  to  compare  the  distribution  of  the  protein  determined  by  the 
immunoprecipitation  studies  to  the  distribution  of  the  mRNA  described  using  in  situ 
hybridization  techniques.  Thus,  the  ml  mRNA  distribution  is  not  dissimilar  to  that 
found  for  protein  distribution.8,11  The  distribution  of  m2  mRNA  and  protein  are, 
however,  quite  different  with  the  mRNA  being  concentrated  in  areas  of  cholinergic 
cell  bodies  whereas  the  protein  is  found  to  be  widely  distributed.812  Additionally,  the 
levels  of  m2  mRNA  have  been  found  to  be  very  low  relative  to  ml,  m3,  and  m4.8 
Interestingly,  the  levels  of  m2  protein  are  higher  than  those  of  the  m3  protein  in 
many  areas  of  the  brain  including,  for  example,  the  hippocampus  in  which  the 
mRNA  levels  are  quite  the  opposite.8,12,14  Therefore,  mRNA  distribution  and  density 
do  not  necessarily  predict  protein  distribution  and  density.  On  the  other  hand,  the 
mRNA  for  m4  receptors  has  been  shown  to  be  very  highly  expressed  in  the  striatum,8 
an  area  found  to  be  very  rich  in  m4  protein.  Similarly,  m5  mRNA  was  initially 
reported  not  to  be  found  in  rat  brain  but  a  subsequent  study  demonstrated  the 
expression  of  this  mRNA  in  the  substantia  nigra,  pars  compacta,16  localized,  presum¬ 
ably,  in  the  dopaminergic  neurons  projecting  to  the  striatum.  Immunoprecipitation 
studies  found  the  m5  receptor  at  low  levels  in  the  midbrain  (which  would  include  the 
substantia  nigra)  and  the  striatum,  suggesting  a  predictive  relationship  between 
mRNA  and  protein  for  the  m5  receptor. 

Other  studies  utilizing  the  selective  antisera  have  focused  on  the  regulation  of 
receptor  subtypes  in  rat  brain  following  loss  of  cholinergic  input.  A  guiding  hypoth¬ 
esis  for  these  studies  is  that  if  neurotransmitter  access  to  a  receptor  is  blocked,  either 
by  blocking  the  receptor  or  destroying  the  neurons  containing  the  neurotransmitter, 
the  receptor  will  often  respond  by  up-regulating  its  density.  If  this  hypothesis  is 
correct  and  uniform  for  all  receptors  (probably  a  stretch),  then  the  level  of  up- 
regulation  gives  some  estimate  of  the  level  of  neurotransmitter  “tone”  in  the  normal 
situation.  On  the  other  hand,  if  a  receptor  is  expressed  on  a  neuron  that  is  destroyed 
by  a  lesion,  one  would  expect  the  density  of  that  receptor  to  decrease.  Two  paradigms 
have  been  examined.  The  first  involves  chronic  administration  of  the  muscarinic 
receptor  antagonist  atropine.17  This  drug  is  nonselective  and  binds  with  high  affinity 
and  specificity  to  all  five  subtypes  of  muscarinic  receptor.  When  rats  were  treated  for 
14  days  with  high  levels  of  atropine  and  the  effects  on  receptor  densities  were 
examined  using  immunoprecipitation,  it  was  found  that  only  some  subtypes  of 
muscarinic  receptors  were  affected  (Fig.  3).  Levels  of  m2  receptors  were  unaffected 
whereas  levels  of  ml  and  m4  receptors  increased  modestly  by  about  10  to  20%.  On 
the  other  hand,  levels  of  m3  receptors  were  up-regulated  by  nearly  70%,  indicating  a 
high  degree  of  “plasticity”  and  a  high  degree  of  tone  for  this  receptor  subtype.  In  a 
second,  related  paradigm,  cholinergic  tone  was  stopped  by  lesioning  the  cholinergic 
neurons  innervating  the  dorsal  hippocampus.18  Either  10  or  24  days  after  the 
cholinergic  lesion  the  densities  of  muscarinic  receptor  subtypes  were  determined.  At 
both  times  the  results  were  identical  and  data  were  combined  (Fig.  3).  In  general, 
results  were  similar  to  those  obtained  by  chronic  blockade  with  atropine.  Thus,  ml 
and  m4  receptor  densities  were  increased  modestly  by  10  to  30%  whereas  m3 
receptor  density  was  more  strongly  up-regulated  by  77  percent.  On  the  other  hand, 
levels  of  m2  receptor  decreased  by  more  than  20%  in  contrast  to  the  observed  result 
from  chronic  atropine  blockade.  These  data  could  be  interpreted  to  indicate  that,  as 
concluded  for  the  atropine  experiment,  inasmuch  as  the  ml  and  m4  receptors  are  not 
as  “plastic”  as  m3  receptors  they  may  not  receive  as  strong  a  tone  as  the  m3  receptors 
under  normal  conditions.  The  decrease  in  m2  receptors  can  be  interpreted  to 
indicate  that  some  m2  receptors  reside  on  the  cholinergic  nerve  terminals  that  were 
destroyed  by  the  lesion.  This  is  consistent  with  much  of  the  data  demonstrating  a 
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functional  presynaptic  autoreceptor  on  these  terminals  that  regulates  acetylcholine 
release,  which  may  be  an  m2  receptor.19 

Lastly,  experiments  have  been  performed  examining  the  normal  developmental 
profile  of  the  subtypes  of  muscarinic  receptor  in  whole  rat  brain.20  In  general,  each  of 
the  five  subtypes  developed  along  approximately  the  same  time  course  with  levels 
being  very  low  at  3  to  4  days  after  birth,  but  rising  rapidly  over  the  next  several  days  to 
reach  adult  levels  by  about  14  to  20  days  after  birth.  This  developmental  profile  is 
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FIGURE  3.  Changes  in  receptor  subtype  densities  following  either  chronic  blockade  with 
atropine  or  chronic  denervation  by  fimbria-fornix  lesion.  In  one  set  of  experiments  rats  were 
unilaterally  lesioned  by  cutting  the  fimbria-fornix  and  the  rostral  supracallosal  stria/cingulum 
bundle,  pathways  by  which  cholinergic  neurons  innervate  the  dorsal  hippocampus.  Either  10  or 
24  days  post  lesion,  dorsal  hippocampus  tissue  was  taken,  and  the  densities  of  muscarinic 
receptor  subtypes  were  determined  as  described  in  Figure  1.  Data  shown  in  the  hatched  bars 
(adapted  from  Wall  etal. 18)  are  presented  as  percent  change  from  the  control  (unlesioned)  side. 
In  other  experiments,  rats  were  treated  with  atropine  to  block  all  five  subtypes  of  muscarinic 
receptors  for  14  days.  Cortex  and  dorsal  hippocampus  were  assayed  for  subtypes  of  muscarinic 
receptors  as  described  above.  Data  shown  in  open  bars  (adapted  from  Wall  et  al.17)  are 
presented  as  percent  change  from  the  control  (sham-treated)  rats.  All  values  were  statistically 
(p  <  0.05)  different  from  control  except  m2  receptors  in  atropine-treated  tissues. 


similar  to  that  of  carbachol-stimulated  phosphoinositide  hydrolysis,21  suggesting  that 
the  appearance  of  receptors  is  responsible  for  the  appearance  of  responsiveness.  On 
the  other  hand,  Lee  et  al.21  reported  that  carbachol-mediated  inhibition  of  adenylyl 
cyclase  does  not  appear  before  age  14  days.  Thus,  for  this  signal  transduction  system 
and  the  receptors  (m2  and  m4)  that  mediate  it,  the  appearance  of  receptors  does  not 
mandate  the  appearance  of  functional  response  and  that  the  latter  is  more  likely  tied 
to  the  regulation  of  receptor/ G-protein  coupling.21 
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In  conclusion,  the  development  of  a  set  of  antisera  that  can  localize  and  quantify 
each  of  the  five  subtypes  of  muscarinic  cholinergic  receptor  has  led  to  a  number  of 
novel  observations.  Future  experiments  examining,  for  example,  the  relationship  of 
these  receptors  and  the  loss  of  cognitive  abilities  in  aged  rats  or  the  decline  in 
cognition  in  humans  with  Alzheimer’s  disease  may  provide  new  data  with  which  to 
formulate  hypotheses  regarding  therapeutic  intervention  in  various  disease  states. 
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Previous  studies  have  indicated  that  two  feedback  mechanisms,  one  positive  and  the 
other  negative,  regulate  the  rate  of  acetylcholine  (ACh)  release.1-3  The  positive 
feedback  system  has  at  least  three  components:  a  muscarinic  receptor  (Ms),  release 
of  substance  P  (SP),  and  influx  of  extracellular  Ca2+.  If  the  amount  of  ACh  released 
from  the  presynaptic  nerve  terminal  is  low,  the  released  ACh  activates  Ms,  which 
stimulates  the  release  of  SP.  Substance  P  increases  Ca2+  influx,  resulting  in  the 
release  of  further  quantities  of  ACh  for  effective  cholinergic  transmission.  Similarly, 
three  components  are  present  in  the  negative  feedback  system:  a  presynaptic 
muscarinic  receptor  (Mi),  release  of  methionine  enkephalin  (MEK),  and  inhibition 
of  Ca2+  influx.  If  the  ACh  in  the  synaptic  gap  is  high,  it  activates  Mi,  resulting  in  the 
release  of  MEK.  Methionine  enkephalin  decreases  Ca2+  influx  which  decreases  the 
rate  of  release  of  ACh  from  the  cholinergic  nerve  terminal.  The  critical  first  step  in 
both  of  these  feedback  systems  is  activation  of  presynaptic  muscarinic  receptors,  Ms 
and  Mi.  No  selective  agonists  have  been  described  for  presynaptic  muscarinic 
receptors.  Therefore,  we  studied  the  effects  of  5-methylfurfuryltrimethylammonium 
(5-MFT)  and  5-hydroxyfurfurltrimethylammonium  (5-HMFT)  on  the  simultaneous 
release  of  ACh,  SP,  and  MEK  from  the  superfused  mouse  cerebral  slices  in  our 
search  for  selective  agonists  for  Ms  and  Mi  receptors.  5-MFT  and  5-HMFT  were 
selected  for  this  purpose  because  they  have  diverse  effects  in  the  peripheral  nervous 
system.4-5 
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METHODS  AND  RESULTS 

Mouse  cerebral  slices  were  incubated  in  a  modified  Kreb’s  ringer  buffer  contain¬ 
ing  methyl-[3H]choline  (0.1  mM;  0.25  (xCi/mL)  for  60  min.  They  were  filtered, 
washed,  and  transferred  to  a  microbath  set  up  for  superfusion  with  the  above  buffer 
containing  hemicholinium-3  (10  pM).  The  release  of  [3H]ACh  into  the  superfusate 
was  measured  as  a  function  of  time.1-3  The  effects  of  5-MFT  and  5-HMFT  on  the 
simultaneous  release  of  labeled  [3H]ACh,  SP,  and  MEK  from  the  superfused  mouse 
cerebral  slices  were  determined.  The  [3H]ACh  was  measured  by  a  radiometric 
method.  SP  and  MEK  were  measured  by  selective  radioimmunoassays.6  Both 
spontaneous  and  electrically  evoked  release  of  [3H]ACh,  SP,  and  MEK  were 


O 


FIGURE  1.  Effects  of  muscarine,  5-MFT,  and  5-HMFT  on  [3H]ACh-evoked  release  as  a 
function  of  concentration.  Detailed  conditions  for  the  preparation  of  slices,  their  incubation 
with  [3H]choline  to  form  [3H]ACh,  and  the  superfusion  of  the  slices  and  collection  of 
superfusion  samples  for  1  h  were  described  elsewhere. 1-3  During  30-60  min,  the  slices  were 
subjected  to  field  electrical  stimulation  to  measure  evoked  release  of  [3H]ACh  in  the  presence 
and  absence  of  5-MFT  or  5-HMFT.  All  values  expressed  as  percentage  Of  control  values.  Each 
bar  is  a  mean  ±  SE  from  six  values.  Similar  results  are  obtained  for  spontaneous  release  during 
0-30  min  of  superfusion.  The  effect  of  muscarine  and  5-MFT  increased  with  increasing 
concentration,  whereas  the  effect  of  5-HMFT  decreased  with  increasing  concentration. 


measured.  5-MFT  (13-1300  nM)  decreased  spontaneous  ACh  release  (60%  of 
control)  in  a  concentration-dependent  manner  (Fig.  1).  5-HMFT  (1.9  nM)  de¬ 
creased  the  spontaneous  release  of  ACh  to  40%  of  control.  This  effect  is  inversely 
related  to  increasing  concentrations  of  5-HMFT.  At  190  pM  of  5-HMFT,  the  effect 
was  only  15%  of  control.  The  effect  of  5-MFT  was  antagonized  by  atropine  (1  p.M) 
but  not  naloxone  (55  nM).  The  effect  of  5-HMFT  was  antagonized  by  scopolamine 
(10  nM)  and  naloxone.  5-MFT  was  considerably  more  potent  than  5-HMFT  in 
stimulating  muscarinic  receptors  (M)  in  smooth  muscle.  Both  5-MFT  and  5-HMFT 
inhibited  MEK  release  whereas  5-HMFT  was  more  potent  in  causing  SP  release 
(Fig.  2).  These  observations  indicate  that  autoregulation  of  ACh  release  operates 
through  two  subtypes  of  M,  one  stimulatory  (Ms)  and  the  other  inhibitory  (Mi).  The 
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FIGURE  2.  Patterns  of  the  effect  of  5-MFT  (13  x  10-9  M)  and  5-HMFT  (19  x  10  9  M)  on  the 
simultaneous  release  of  substance  P  (SP),  acetylcholine  (ACh),  and  methionine  enkephalin 
(MEK)  from  mouse  cerebral  slices.  Each  point  represents  a  mean;  the  vertical  lines  represent 
the  standard  error.  Inhibition  of  the  release  of  MEK  predominates  both  with  5-MFT  and 
5-HMFT.  Depressions  in  ACh  release  seem  to  trigger  the  enhanced  SP  release  and  depressed 
MEK  release.  Thick  horizontal  bars  (bottom  panel )  indicate  periods  of  field  electrical  stimula¬ 
tion. 


identity  of  Ms  and  Mi  receptors  with  Ml,  M2,  or  M3  muscarine  receptor  subtypes  is 
not  yet  determined.7,8 
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Protein  phosphorylation  is  a  major  posttranslational  modification  widely  recognized 
to  regulate  almost  all  cellular  processes.12  Based  on  their  amino  acid  specificities, 
protein  kinases  may  be  classified  as  either  protein  serine /threonine  kinases  or 
protein  tyrosine  kinases.  Protein  tyrosine  kinases  were  originally  identified  as 
retroviral  oncogene  products  and  subsequently  shown  to  have  normal  cellular 
homologs.3  Initially,  protein  tyrosine  kinases  were  believed  to  be  important  primarily 
in  the  regulation  of  growth  and  mitogenesis.  However,  more  recent  studies  implicate 
protein  tyrosine  kinases  in  the  regulation  of  differentiated  cell,  function.  For  ex¬ 
ample,  many  protein  tyrosine  kinases  are  most  highly  expressed  in  the  neurons  of  the 
central  nervous  system.4  Furthermore,  protein  tyrosine  kinases  can  mediate  neuro¬ 
nal  differentiation;  activation  of  the  nerve  growth  factor  receptor5  or  expression  of 
v-src6  in  PC12  chromaffin  cells  induces  a  sympathetic  neuron-like  phenotype.  These 
studies  suggest  an  involvement  of  protein  tyrosine  kinases  in  neuronal  differentiation 
as  well  as  in  synaptic  transmission. 

The  transfer  of  information  from  a  neuron  to  its  target  is  the  process  of  synaptic 
transmission.  Chemical  synapses,  at  which  the  postsynaptic  response  is  mediated  by 
ligand-gated  ion  channels,  provide  many  opportunities  for  synaptic  plasticity.  Our 
understanding  of  the  molecular  mechanisms  underlying  synapse  formation,  function, 
and  modulation  derives  primarily  from  studies  examining  the  neuromuscular  junc¬ 
tion.  At  the  neuromuscular  junction,  the  acetylcholine  receptor  (AChR)  is  the 
ligand-gated  ion  channel  that  mediates  the  rapid  excitatory  postsynaptic  response  of 
the  muscle.  Because  of  its  enrichment  in  the  electric  organs  of  Torpedo  califomica, 
the  AChR  has  served  as  a  model  for  the  study  of  the  structure,  function,  and 
regulation  of  ligand-gated  ion  channels.  The  AChR  is  a  250-kDa  pentameric 
complex  comprised  of  four  homologous  subunits  in  a  stoichiometry  of  ot23y8  (Fig.  1 
and  ref.  7).  At  least  three  protein  kinase  activities  phosphorylate  the  AChR  (Fig.  1 
and  ref.  8).  Protein  kinase  A  phosphorylates  the  y  and  8  subunits,  protein  kinase  C 
phosphorylates  the  8  subunit,  and  a  protein  tyrosine  kinase  activity  phosphorylates 
the  (3,  y,  and  8  subunits.  Phosphorylation  of  the  AChR  by  all  three  protein  kinase 
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FIGURE  1.  Model  of  the  structure  and 
subunit  specificity  for  phosphorylation 
of  the  AChR.  The  a,  3,  y,  and  8  subunits 
are  as  indicated.  The  specificity  for  phos¬ 
phorylation  of  the  AChR  subunits  by 
protein  kinase  A  (PKA),  protein  kinase 
C  (PKC),  and  protein  tyrosine  kinase(s) 
(PTK)  are  as  indicated. 


activities  results  in  an  alteration  of  channel  desensitization  kinetics.8  In  addition, 
activation  of  protein  tyrosine  kinase  activity,  including  tyrosine  phosphorylation  of 
the  AChR,  is  associated  with  a  clustering  of  the  AChR  during  the  formation  of 
postsynaptic  specializations.  In  this  report,  we  review  some  of  our  recent  studies  to 
identify  the  extracellular  factors  that  stimulate  AChR  tyrosine  phosphorylation  as 
well  as  the  protein  tyrosine  kinase(s)  that  may  be  involved  in  the  regulation  of 
synaptic  function  at  the  neuromuscular  junction  by  directly  phosphorylating  the 
AChR. 

Methodologies  used  are  as  described  in  references  9-12. 


RESULTS 

An  Extracellular  Factor  That  Stimulates  AChR  Tyrosine  Phosphorylation 

The  AChR  of  Torpedo  califomica  electric  organ  and  innervated  rat  skeletal 
muscle  is  phosphorylated  on  tyrosine  residues.9,1314  In  contrast,  the  AChR  of 
cultured  myotubes15  and  BC3H1  myocytes16  contains  very  little  phosphotyrosine. 
These  studies  suggest  that  innervation  may  regulate  the  tyrosine  phosphorylation  of 
the  AChR.  Another  effect  of  the  neuron  on  the  AChR  is  to  induce  receptor 
clustering  at  the  site  of  nerve  and  muscle  contact.17  In  addition,  some  reports  have 
suggested  that  phosphorylation  of  the  AChR  may  be  involved  in  regulating  receptor 
distribution.1018'20  It  is  now  known  that  the  neuronally  derived  extracellular  maxtrix 
protein  agrin  mediates  AChR  clustering  induced  by  the  neuron.21  Therefore,  we 
have  examined  whether  the  effect  of  agrin  to  stimulate  AChR  aggregation  is 
associated  with  phosphorylation  of  the  receptor  by  a  protein  tyrosine  kinase. 

Cultured  chick  myotubes  were  labeled  with  anti-phosphotyrosine  antibodies  and 
rhodamine-conjugated  a-bungarotoxin.  The  small  number  of  aggregates  of  AChRs 
found  on  the  surface  of  control  myotubes  show  only  slight  labeling  with  the 
anti-phosphotyrosine  antibody  (Fig.  2A  and  B).  After  4  h  of  agrin  treatment,  AChR 
aggregates  increase  in  size  and  the  clusters  stain  intensely  for  phosphotyrosine  (Fig. 
2C  and  D).  There  is  a  striking  correspondence  in  the  localization  of  the  expanding 
AChR  clusters  and  phosphotyrosine  during  the  time  course  of  agrin  treatment  (Fig. 
2C-H).  Thus,  tyrosine-phosphoiylated  proteins  aggregate  at  agrin-induced  AChR 
clusters. 
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To  determine  whether  the  AChR  itself  is  phosphorylated  in  response  to  agrin, 
chick  myotube  cultures  were  treated  with  or  without  agrin  and,  after  affinity 
purification,  the  AChR  phosphotyrosine  content  was  examined  by  Western  blotting 
using  the  a-phosphotyrosine  antibody.  Agrin  induces  a  dramatic  increase  in  the 
phosphorylation  of  the  chicken  AChR  (3  subunit  on  tyrosine  residue(s)  (Fig.  3). 
Thus,  agrin  induces  both  AChR  clustering  and  tyrosine  phosphorylation. 


FIGURE  2.  Effect  of  agrin  on  AChR  and  phosphotyrosine  aggregation.  Fluorescence  micro¬ 
graphs  of  segments  of  cultured  chick  myotubes  treated  with  agrin  for  0  h  (A  and  B),  4  h  (C  and 
D),  8  h  (E  and  F),  and  18  h  (G  and  H)  were  fixed,  permeabilized,  and  labeled  with 
rhodamine-conjugated  a-bungarotoxin  to  reveal  the  distribution  of  the  AChR  (A,  C,  E,  and  G) 
and  with  antiphosphotyrosine  monoclonal  antibody  PY20  and  a  fluorescein-conjugated  second¬ 
ary  antibody  to  visualize  phosphotyrosine  residues  (B,  D,  F,  and  H)  as  described.10  (From 
Wallace  et  al. 10  Reproduced,  with  permission,  from  Neuron. ) 
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Identification  of  Synaptic  Protein  Tyrosine  Kinases  That  Associate  with  the  AChR 

Because  of  the  enrichment  of  synaptic  components,  including  the  AChR,  in 
Torpedo  califomica  electric  organ,  we  predicted  that  the  kinase  that  phosphorylates 
the  AChR  would  also  be  enriched  in  that  tissue.  Therefore,  our  initial  goal  was  to 
identify  protein  tyrosine  kinases  of  Torpedo  califomica  electric  organ  by  molecular 
cloning.  Protein  tyrosine  kinases  contain  several  highly  conserved  subdomains  within 
the  catalytic  region22  making  them  particularly  amenable  to  analysis  by  the  polymer¬ 
ase  chain  reaction  (PCR).23  Using  cDNA  derived  from  Torpedo  electric  organ  as 
template,  we  used  oligonucleotides  based  on  the  sequences  of  subdomains  VII  and 
VIII  of  the  src  class  of  protein  tyrosine  kinases  to  generate  PCR  products  encoding 
protein  tyrosine  kinase  fragments.  Src-like  protein  tyrosine  kinase  cDNA  clones 
were  identified  by  screening  a  Torpedo  electric  organ  ygtlO  cDNA  library  with  the 


FIGURE  3.  Effect  of  agrin  on  the  phosphotyrosine  content 

m m  ^ ft  of  the  AChR.  Cultured  chicken  myotubes  were  treated 

without  (-)  or  with  (+)  agrin  for  12  h  after  which  the 
AChR  was  isolated,  resolved  by  SDS-PAGE,  transferred  to 
nitrocellulose,  and  analyzed  for  phosphotyrosine  content 
using  a  monoclonal  antibody  as  described.10  The  position 
of  the  (3  subunit  is  as  indicated.  (Modified  from  Wallace  et 
al. 10  and  used  with  permission  from  Neuron. ) 


+ 


AGRIN 


cloned  PCR  products.  Positive  clones  could  be  divided  into  two  classes  based  on 
Southern  analysis  using  the  PCR  products. 

Within  the  coding  regions,  the  DNA  sequences  of  the  two  clones  have  76% 
dispersed  identity  (with  three  gaps)  demonstrating  that  they  are  derived  from 
homologous  but  unique  genes  (data  not  shown).  Each  deduced  translation  product 
encodes  an  Src-like  protein  tyrosine  kinase  that  contains  all  the  hallmark  subdo¬ 
mains  including  a  myristylation  site,  Src  homology  3  (SH3)  and  Src  homology  2  (SH2) 
domains,  and  all  the  recognized  subdomains  of  the  catalytic  region  (Fig.  4).  The 
amino  acid  sequences  of  the  two  clones  show  82%  identity  to  each  other.  Homology 
searches  demonstrated  that  both  clones  are  most  similar  to  fyn,  a  member  of  the  src 
class  of  protein  tyrosine  kinases  (Fig.  4).  Two  fyn  protein  tyrosine  kinases,  the 
neuronal  and  thymic  variants,  have  been  identified;  these  forms  arise  from  alterna¬ 
tive  splicing.24-25’28  As  shown  in  Figure  4,  both  Torpedo  clones  contain  the  neuronal 
alternative  splice  insert,  suggesting  one  of  the  clones  is  the  Torpedo  neuronal  fyn  and 
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.  HRCVQC^DKETTKTTVE ERAGS  I  PO N.P G  Y  R  Y GPjDPS pQ H  YPN f  S  YTGT 
T orpedo  fyn  ~ tC  F  K  G  T  A  K  S  Q  ADDGDG  LFNON  T  N  PRYGPj3R"FNOAQT  A  V  .  FT R  I 

Hu^iZSKSicSS^^txfK^'^RDKUMbfSGYRyCTDPTPOHVPSrG.TS. 

49PNYNSFHGTGGOT  LT VEGGV H ^SHTGTtPTR'GG|S  Ll^SYT LTYALY 
48PDFNSFHENTST ALNPEGGPVGYS  .  AGSLTSPVGg.  V T1GGV  i  M F  1  A i_ Y 

pftY  N  N  FH  A  AGGQ G  LT  V  F  GG  VN  $  $  $;H  T  GT  LRTRGGT  .  .  •  •  ¥ 

_ _ c:h?  - 

SKBRSffitfESIilSKIKlSIlSSliBSIglglSgSi 

D Y  E*A RT CD D LS  F KKGEKFOILN 5  S  EGDWWE ARS  LTTGETGY  I PSNYV A 


142PVDS  i  QAtEWYFGKnGKNJJ  t  tnniur  mm  'mwmmWmZmm 

PVDS IOAFEWYF GK  LGRKD AFRQ  LL$  FGNRRGTF  L  t  RRS  FTTKGS.YvS;/ 

_ SH2 

193 S 1 ROW DDT K GDH V K HYKi  RKL DSSGYYl T T [*v  hh  YtIrA 

-90S  1 RDWDEVKGDHVKHYKIRKLDNGGYY1TTRAQFETVPQLVHHY  LR 

S  T  R  D  D'  M  I^GDHV  K  H  Y  K  I  RK  LDN  GG  Y  Y IT  T  R  AQ  F£  T&g&LlijQ  £  5  —A 

I 

24i  AGLCCRLVVPCH KGMPRLAD LS  VRTKDV WE  i  SRES  10 LI  KRLGNGOP G 
o<3Q:Ar  rrr di  v ppu if  riM P 'K  LAD LS VKTKDYWE  I  PRES  L O L  IKK  LGN GOFG 
^AGtCCRCV  VPCHKGMPR  LTDLS  VKTKDVWE  I  PRESiiiGL  I  KiRLGNGOFG 
Mouse  Thymic  fyn  K  fn  VSSSCT^  OT .  .  .  GLA  ^A 

oqqP  v  wMcn'WNGTTK  V  AVKTLKPGTMSPFSF  LFCAG  I  MKK  LRJT  DK.LV  Q  LY  A 
286  £  V  WM  GT  WNGTT  K  V  A  V~K  T  LK  P GT  MSP  F  AF  LFF  AO  I HK  R  LR.H  OK  LV  0  L Y  A 

VAD  FEK  OCA^  L  __ 

oo7 v  VSFFP  I  Y  T  V T£Y  M S KGS  OLD F  L KD GEGRV  LKLPN  LVDMAA Q V  AAG M  A 
334  V  VS  E E P  T  V  I  VTEF  MTOGS  LLDF  LKDGDGR  I  LK  LPO  LV  DM  AAO  I  AAGM  A 
334;V  VSEEP  1  Y  I  VTE YMNKGS  LLDF  LKDGEGR ALK  LPN  LV  DM  AAQV  AAGH  A 

_ VI  VII  E 

385 Y  I  ERMNY  I HRDLRS AN  I  LVGDN  LVCK  I  ADEGLAR  L !  EDN  E  YT  AROGAK 
382  Y  l  ERMNY  I  HRDLRAAN1  LVGE N  LV CK  i  ADF-GL  AR  L  l  EDN  E  YT  AROGAK 
y 1 ERH  NY  I HRDLRS  AN  I LVGNGL I CK I ADEGLAR 1 1 EDN  E YTARQGAK 

VIII  IX 

4S3  FPTKWT APE  AALYGRFT I KS D  VWSFGt L LTELVTKGRVPY PGMNNREV 
F  P  !  KWT  A.PEP.  ALYGRFT  IKSDVWSFGI  LLTE  LVTKGRV?  YPGMNNREV 


LEOV  ERGYR M  ASPODCPSS  LH E  LH  t  OCWKK DP EERPTFEY  LO  AF  LEDY 
478  LEOVE  RG  YRMP  CRN  ACP  V  S  L  H  E  LM  I  OCWKK  DP  EERH  TF  EY  LCS  F  LEDY 
LEG V ERGY  RMPCPODCP I S  LH  E  LM I H CWKK DP  EERPTFEY LOS  E  LEDY 


530FT.ATEPOY.QPGDNL* 
527FT ATEPOYOPGEN  L* 
ET ATEPCYGPGEN  L* 


FIGURE  4.  Complete  amino  acid  sequences  of  two  protein  tyrosine  kinases  expressed  in 
Torpedo  electric  organ.  The  homologies  of  the  deduced  amino  acid  sequences  of  the  two 
Torpedo  electric  organ  protein  tyrosine  kinases  to  known  proteins  were  determined  as  de¬ 
scribed.11  For  each  clone,  amino  acid  identities  with  the  neuronal  form  of  human  Fyn24  are 
indicated  by  shading.  Amino  acids  of  nonidentity  with  human  Fyn  but  identity  between  Fyn  and 
Fyk  are  indicated  by  underlining.  The  divergence  between  the  neuronal  and  the  alternatively 
spliced  thymic  form  of  murine  Fyn25  is  shown.  Conserved  protein  tyrosine  kinase  subdomains 
are  indicated  by  horizontal  bars.  SH3  and  SH2,  Src  homology  domains  3  and  l;26-7  P,  putative 
phosphorylation  sites;  I-XI,  conserved  subdomains.22  The  amino  acid  positions  in  the  sequence 
of  each  clone  are  indicated  on  the  left.  (From  Swope  and  Huganir.11  Reproduced,  with 
permission,  from  the  Journal  of  Biological  Chemistry. ) 
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Electric  Organ  Brain  Blood  Muscle  Liver 

FIGURE  5.  Expression  of  Fyn  and  Fyk  protein  tyrosine  kinase  activities  in  various  Torpedo 
tissues.  Membrane  proteins  (500  (xg)  prepared  from  the  tissues  indicated  were  solubilized  at  1 
mg/mL,  immunoprecipitated  with  anti -fyn  (cdyn),  anti  -fyk  (afyk),  or  preimmune  (prei)  serum 
as  indicated  and  incubated  under  phosphorylating  conditions  at  30  °C  for  30  min  in  the 
presence  of  [r32P]ATP  followed  by  analysis  by  SDS-PAGE  and  autoradiography  for  1  h  as 
described.11  (From  Swope  and  Huganir.11  Reproduced,  with  permission,  from  the  Journal  of 
Biological  Chemistry. ) 


the  other  clone  a  novel  gene  product.  The  upper  clone  in  Figure  4  shows  78% 
identity  with  human  neuronal  fyn  at  the  nucleotide  level  and  90%  identity  at  the 
amino  acid  level.  The  second  clone  shows  75%  identity  with  human  neuronal  fyn  at 
the  nucleotide  level  and  82%  at  the  amino  acid  level.  Between  members  of  the  src 
family  of  protein  tyrosine  kinases,  the  amino  acid  sequence  between  the  myristyla- 
tion  motif  and  the  SH3  domain  is  the  region  that  is  most  unique.29  Therefore,  to 
clarify  the  identity  of  our  two  clones,  we  compared  the  unique  domain  of  each  clone 
to  known  protein  tyrosine  kinases.  The  upper  clone  in  Figure  4  is  most  homologous 
to  fyn,  showing  69%  identity.  In  contrast,  the  second  clone  has  only  39%  identity  with 
fyn  in  this  N-terminal  region.  In  addition,  the  second  clone  is  almost  equally 
homologous,  32%  identity,  with  the  yes  protein  tyrosine  kinase.30  These  data  support 
the  upper  clone  in  Figure  4  as  the  Torpedo  neuronal  fyn  protein  tyrosine  kinase.  The 
second  clone  is  a  novel  protein  tyrosine  kinase  that  we  have  named  fyk  for  fyn-yes- 
kinase. 

To  examine  the  expression  of  these  two  tyrosine  kinases  at  the  protein  level,  we 
generated  antibodies  to  bacterial  fusion  proteins  containing  the  N-terminal  unique 
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domains  of  fyn  and  fyk.  These  antibodies  were  used  in  an  immunoprecipitation/ 
kinase  assay  in  which  the  immunoprecipitated  proteins  were  incubated  under 
phosphorylating  conditions  in  the  presence  of  [7-32P]-ATP.  Two  protein  tyrosine 
kinase  activities  of  Torpedo  electric  organ  are  distinguished  with  antibodies  to  fyn  and 
fyk  (Fig.  5).  The  antibody  to  fyn  immunoprecipitated  a  55-kDa  protein  that  con¬ 
tained  only  phosphotyrosine  (data  not  shown),  presumably  due  to  autophosphoryla¬ 
tion.  In  contrast,  anti  -fyk  antibodies  immunoprecipitated  a  doublet  of  56-  and 
53-kDa  (Fig.  5).  The  appearance  as  a  doublet  may  be  due  to  differing  phosphoryla¬ 
tion  states  because  the  immunoprecipitated  phosphorylated  Fyk  contained  both 
phosphotyrosine  and  phosphoserine  (data  not  shown).  The  distributions  of  Fyn  and 
Fyk  protein  tyrosine  kinase  activities  in  various  Torpedo  tissues  were  examined  using 
the  immunoprecipitation/ kinase  assay.  Torpedo  electric  organ  and  brain  are  highly 
enriched  in  both  kinases  (Fig.  5).  In  addition,  Fyn  and  Fyk  activities  are  detected  in 
muscle,  a  tissue  that  also  expresses  AChR  and  from  which  electric  organ  is  embryoni- 
cally  derived.  It  is  interesting  to  note  that  the  relative  abundance  of  the  two  kinases 
in  electric  organ  and  muscle  is  proportional  to  the  expression  of  the  AChR  in  these 
tissues. 

Protein  tyrosine  kinases  of  the  Src  class  are  typically  associated  with  the  mem¬ 
brane.  Torpedo  electroplax  membranes  can  be  fractionated  on  discontinuous  sucrose 
gradients  to  enrich  for  postsynaptic  versus  nonpostsynaptic  membranes.9-31  We 
determined  the  contribution  of  Fyn  and  Fyk  to  the  total  protein  tyrosine  kinase 
activity  present  in  postsynaptic  membranes  of  Torpedo  electric  organ.  Detergent 
extracts  of  postsynaptic  membranes  were  depleted  of  Fyn  and  Fyk  by  immunoprecipi¬ 
tation  after  which  the  kinase  activity  in  the  supernatant  was  measured  using  the 
synthetic  polypeptide  substrate  POLY  (Glu-Na,Tyr)4:l.  Phosphoiylation  of  POLY 
(Glu-Na,Tyr)4:l  by  solubilized  membrane  proteins  after  immunoprecipitation  with 
preimmune  serum  was  defined  as  100%  of  the  protein  tyrosine  kinase  activity  (Fig. 
6).  When  the  membrane  proteins  are  immunoprecipitated  with  the  anti  -fyn  antibody, 
the  kinase  activity  in  the  supernatant  is  reduced  to  66%  of  control  (Fig.  6).  Thus,  Fyn 


ANTIBODY 


FIGURE  6.  Percentage  of  protein  ty¬ 
rosine  kinase  activity  of  postsynaptic 
membranes  represented  by  Fyn  and 
Fyk.  Postsynaptic  membranes  pro¬ 
teins  (25  |j,g)  of  Torpedo  electric  or¬ 
gan  were  solubilized  at  1  mg/mL  and 
immunoprecipitated  with  preimmune 
(prei),  anti-fyn  (fyn),  anti  -fyk  (fyk),  or 
anti-fyn  plus  anti-fyA  (fyn  +  fyk)  se¬ 
rum  as  indicated.  The  supernatants 
were  removed  and  incubated  with 
poly  (Glu-Na,Tyr),  4:1  at  1  pg/p-L 
under  phosphorylating  conditions  in 
the  presence  of  [y-32P]ATP.  After  30 
min  at  30  °C  the  reactions  were 
stopped,  and  the  supernatants  were 
analyzed  for  32P  incorporation  as  de¬ 
scribed.11  The  data  represent  the 
mean  value  ±  SE,  n  =  5.  (From 
Swope  and  Huganir.11  Reproduced, 
with  permission,  from  the  Journal  of 
Biological  Chemistry. ) 
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represents  34%  of  the  total  protein  tyrosine  kinase  activity.  In  the  experiment  shown 
in  Figure  6,  anti-fyk  antibody  depleted  4%  of  the  kinase  activity  whereas  mli-fyn 
plus  anti -fyk  decreased  the  activity  to  57%  of  control.  Thus,  Fyn  plus  Fyk  constituted 
43%  of  the  kinase  activity.  In  three  experiments,  Fyn  and  Fyk  represent  36  ±  2%  and 
8  ±  3%,  respectively  of  the  total  activity  (mean  ±  SEM).  Thus,  together  these  two 
protein  tyrosine  kinases  comprise  a  major  fraction  (44  ±  4%)  of  the  protein  tyrosine 
kinase  activity  in  the  postsynaptic  membrane. 

A  “kinase  trapping”  strategy  has  been  used  by  others  to  show  that  Fyn  as  well  as 
the  Lyn  and  Yes  protein  tyrosine  kinases  are  associated  with  p21rasGAP,  a  tyrosine- 
phosphorylated  substrate.32  We  used  the  same  strategy  to  examine  whether  Fyn  or 
Fyk  are  in  a  complex  with  the  AChR.  To  examine  whether  tyrosine  kinase  activity  is 
associated  with  the  receptor,  the  AChR  was  isolated  from  detergent  extracts  of 
postsynaptic  membranes  by  immunoprecipitation  with  a  monoclonal  antibody  (88b) 
and  then  incubated  under  phosphorylating  conditions.  As  shown  in  Figure  7 A,  the 
(3,  y,  and  8  subunits  of  the  AChR  are  phosphorylated  in  the  immunoprecipitate. 
Phosphoamino  acid  analysis  demonstrated  that  all  three  subunits  contain  phosphoty- 
rosine  (data  not  shown).  These  data  suggest  that  a  protein  tyrosine  kinase  is 
coimmunoprecipitated  with  the  AChR.  To  examine  whether  Fyn  or  Fyk  is  com- 
plexed  with  the  AChR,  we  did  the  reciprocal  experiment  shown  in  Figure  7B. 
Postsynaptic  membranes  solubilized  under  stringent  conditions  were  incubated  with 
either  preimmune,  anii-fyn,  or  tmti-fyk  antibodies  and  then  the  immunoprecipitates 
were  analyzed  for  the  presence  of  the  AChR  using  a  pool  of  monoclonal  antibodies 
to  the  individual  subunits.  Immunoprecipitation  with  anti-jy^  and  anti  -fyk  antibodies 


FIGURE  7.  Coimmunoprecipitation  of  the  AChR  with  Fyn  and  Fyk.  (A)  Postsynaptic  mem¬ 
brane  proteins  (150  |xg)  prepared  from  Torpedo  electric  organ  were  solubilized  at  1  mg/mL, 
immunoprecipitated  in  the  presence  (+88b)  or  absence  (— )  of  monoclonal  antibody  88b  to  the 
AChR,  and  incubated  at  30  °C  for  60  min  in  the  presence  of  [y-32P]ATP  with  inhibitors  of  both 
protein  kinase  A  and  protein  kinase  C  followed  by  analysis  by  SDS-PAGE  and  autoradiography 
for  6  hr  as  described.11  The  positions  of  the  AChR  (3,  y,  and  8  subunits  are  as  indicated.  (B) 
Postsynaptic  membrane  proteins  (250  |xg)  were  solubilized  at  1  mg/mL  with  immunoprecipita¬ 
tion  buffer  containing  1%  Triton  X-100,  0.5%  deoxycholate,  and  0.1%  SDS  and  then  immuno¬ 
precipitated  with  preimmune  (prei),  anti  -fyn  (afyn),  or  anti  fyk  (afyk)  serum  in  the  absence  or 
presence  of  kinase-specific  fusion  protein  (+FP)  or  backbone  fusion  protein  (+BB).  The 
immunoprecipitates  were  resolved  by  SDS-PAGE,  blotted  onto  nitrocellulose,  and  analyzed 
with  a  pool  of  monoclonal  antibodies  to  the  AChR  as  described.1 1  The  positions  of  the  AChR  a, 
P,  y,  and  8  subunits  are  as  indicated.  (C)  Postsynaptic  membrane  proteins  (250  p-g)  were 
solubilized  at  1  mg/mL  with  immunoprecipitation  buffer  containing  1%  Triton  X-100,  0.5% 
deoxycholate,  and  0.1%  SDS  and  then  immunoprecipitated  with  preimmune  (prei),  anti-^n 
(afyn),  or  anlifyk  (afyk)  serum.  The  immunoprecipitates  and  10  |xg  of  Torpedo  electric  organ 
postsynaptic  membrane  proteins  (PSM)  were  resolved  by  SDS-PAGE,  blotted  onto  nitrocellu¬ 
lose,  and  analyzed  with  a  monoclonal  antibody  to  the  43-kDa  protein  as  described.11  The 
position  of  43  kDa  is  as  indicated.  (D)  Partially  purified  AChR  (250  pg),  prepared  as 
described,11  was  immunoprecipitated  with  preimmune  (prei),  anti-fiv/  (afyn),  or  anti  -fyk  (afyk) 
antiserum.  The  immunoprecipitates  were  incubated  at  30  °C  for  30  min  in  the  presence  of 
[y-32P]ATP  followed  by  analysis  by  SDS-PAGE  and  autoradiography  for  4  h  as  described.11  The 
positions  of  the  50-kDa  ((3),  58-kDa  (y),  and  65-kDa  (8)  proteins  are  as  indicated.  (E)  Partially 
purified  AChR  (25  p,g),  prepared  as  described,11  was  immunoprecipitated  with  preimmune 
(prei),  anti  fyn  (afyn),  or  anti-/yA:  (afyk)  serum.  The  immunoprecipitates  were  resolved  by 
SDS-PAGE,  blotted  onto  nitrocellulose,  and  analyzed  with  a  pool  of  monoclonal  antibodies  to 
the  AChR  as  described.11  The  positions  of  the  AChR  a,  (3,  y,  and  8  subunits  are  as  indicated. 
(From  Swope  and  Huganir.11  Reproduced,  with  permission  from  the  Journal  of  Biological 
Chemistry. ) 
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results  in  specific  coimmunoprecipitation  of  the  AChR,  with  the  anti -fyk  immunopre- 
cipitates  being  more  enriched  in  AChR  than  the  znti-fyn  immunoprecipitates.  The 
coimmunoprecipitation  of  the  AChR  with  Fyn  and  Fyk  is  blocked  when  the  antibod¬ 
ies  are  preincubated  with  the  kinase-specific  fusion  proteins  used  as  immunogens, 
but  not  with  the  backbone  fusion  protein  (Fig.  7B).  These  data  indicate  that  the 
complex  formation  is  due  to  an  association  of  the  AChR  with  the  kinases.  In 
addition,  coimmunoprecipitation  of  the  receptor  with  Fyn  and  Fyk  is  apparently  not 
due  to  a  nonspecific  association  of  the  abundant  AChR  with  the  kinases  because  the 
43-kDa  protein,  another  synaptic  component  that  is  stoichiometrically  expressed 
with  the  receptor,33  is  not  coimmunoprecipitated  with  Fyn  and  Fyk  (Fig.  1C).  Taken 
together,  these  data  indicate  that  the  AChR  forms  a  specific  and  tight  complex  with 
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Fyn  and  Fyk,  suggesting  that  these  kinases  may  catalyze  the  tyrosine  phosphorylation 
of  the  receptor. 

Association  of  the  AChR  with  Fyn  and  Fyk  is  also  supported  by  the  experiment 
shown  in  FIGURE  7D  and  E.  Purified  AChR  was  analyzed  for  the  presence  of  the 
protein  tyrosine  kinases  by  immunoprecipitating  with  anti-/wj  or  c\nt\-fvk  antibodies 
followed  by  incubation  of  the  precipitates  under  phosphorylating  conditions.  Phos- 
phorylated  bands  of  50,  58,  and  65  kDa  are  observed  in  the  antiprotein  tyrosine 
kinase  but  not  preimmune  serum  precipitates  (Fig.  7D).  Analysis  of  the  precipitates 
by  Western  blotting  demonstrates  that  the  phosphorylated  bands  comigrate  with  the 
p,  y,  and  8  AChR  subunits  (FIG.  7D  and  E).  These  data  indicate  that  Fyn  and  Fyk,  in 
a  complex  with  the  AChR,  copurify  with  the  receptor  on  acetylcholine-affinity  resin, 
that  the  receptor  is  subsequently  coimmunoprecipitated  with  the  kinases,  and  that 
both  Fyn  and  Fyk  are  capable  of  phosphorylating  the  AChR  in  the  precipitate. 


Molecular  Basis  for  the  Association  of  the  AChR  with  Fyn  and  Fyk 

Like  other  members  of  the  Src  class  of  protein  tyrosine  kinases,34  Fyn  and  Fyk 
each  contain  a  unique  region,  an  SH3  domain,  an  SH2  domain,  and  a  catalytic 
domain.  SH2  domains  mediate  the  association  of  Src-like  tyrosine  kinases  as  well  as  a 
variety  of  other  SH2  domain  containing  signaling  components  with  phosphotyrosine 
containing  proteins,  including  autophosphorylated  growth  factor  receptors  and 
tyrosine  kinase  substrates.27  Therefore,  we  investigated  the  involvement  of  the  SH2 
domains  of  Fyn  and  Fyk  in  the  association  of  the  AChR  with  these  two  protein 
tyrosine  kinases. 

Using  glutathione-S  transferase  fusion  proteins  as  affinity  reagents,  we  examined 
whether  the  coimmunoprecipitation  of  the  AChR  with  Fyn  and  Fyk  is  mediated  by 
binding  of  the  receptor  to  the  SH2  domains.  Upon  incubation  of  solubilized  Torpedo 
electric  organ  postsynaptic  membrane  proteins  representing  between  30  and  1  p-g  of 
protein  with  the  affinity  reagents,  the  AChR  binds  to  the  Fyn  and  Fyk  SH2  domain 
fusion  proteins  in  a  concentration-dependent  manner  (Fig.  8).  By  comparing  the 
relative  intensity  of  the  AChR  detected  in  the  flow  through  to  that  in  the  bound,  we 
estimate  that  between  5%  (30  |xg)  and  20%  (1  |xg)  of  the  receptor  binds  to  the  Fyn 
and  Fyk  SH2  affinity  resin  under  these  conditions.  The  binding  of  the  AChR  to  the 
SH2  domain  fusion  proteins  is  specific  because  little  if  any  AChR  binds  to  the 
glutathione-S  transferase  backbone  upon  incubation  with  the  highest  concentration 
of  protein  (30  |xg). 

The  binding  of  the  AChR  to  the  Fyn  and  Fyk  SH2  domain  fusion  proteins  could 
be  mediated  by  an  ancillary  protein  or  may  be  due  to  a  direct  interaction  of  one  or 
more  receptor  subunits  with  the  kinase  fragment.  To  address  this  question,  postsyn¬ 
aptic  membrane  proteins  were  treated  under  denaturing  conditions,  2%  SDS,  to 
dissociate  the  AChR  from  any  bound  proteins  as  well  as  to  dissociate  the  receptor 
into  individual  subunits.  After  dilution  of  the  membrane  proteins  into  Triton  X-100, 
we  examined  the  ability  of  the  individual  receptor  subunits  to  bind  to  the  SH2  fusion 
proteins.  After  solubilization  under  native  conditions,  incubation  of  postsynaptic  mem¬ 
brane  proteins  with  the  SIC  domain  affinity  resins  results  in  AChR  binding,  and  all  four 
subunits  are  detected  (Fig.  9)  as  demonstrated  above.  However,  after  denaturation  only 
the  AChR  8  subunit  is  observed  to  bind  to  the  Fyn  and  Fyk  SIC  domain  fusion  proteins 
(Fig.  9).  These  data  support  a  direct  interaction  between  the  AChR  8  subunit  and 
the  Fyn  and  Fyk  SH2  domain  fusion  proteins.  In  addition,  these  data  indicate  that 
not  all  tyrosine  phosphorylated  postsynaptic  membrane  proteins,  including  the 
AChR  (3  and  y  subunits,  bind  to  Fyn  and  Fyk  SH2  domain  fusion  proteins. 
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FIGURE  8.  AChR  binding  to  SH2  domain  fusion  protein  of  Fyn  and  Fyk.  Torpedo  electric 
organ  postsynaptic  membranes,  representing  between  1  and  30  |xg  of  membrane  protein,  were 
incubated  under  phosphorylating  conditions,  solubilized,  and  incubated  with  glutathione 
agarose  containing  5  jig  of  either  Fyn  or  Fyk  SH2  domain  fusion  protein  (SH2)  or  glutathione- 
S-transferase  backbone  protein  (pG)  as  described.12  The  proteins  in  both  the  supernatants 
(Flow  Through)  and  those  bound  to  the  agarose  (Bound)  were  resolved  by  SDS-PAGE,  blotted 
onto  nitrocellulose,  and  analyzed  with  antiserum  to  the  AChR  as  described.12  The  positions  of 
the  a,  (3,  y,  and  6  subunits  are  as  indicated.  (From  Swope  and  Huganir.12  Reproduced,  with 
permission,  from  the  Journal  of  Biological  Chemistry . ) 
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FIGURE  9.  Subunit  specificity  for  binding  of 
the  AChR  to  Fyn  and  Fyk  SH2  domain  fusion 
proteins.  Torpedo  electric  organ  postsynaptic 
membranes  (100  |xg)  were  incubated  under 
phosphorylating  conditions,  treated  without 
(Native)  or  with  (Denatured)  2%  SDS,  and 
diluted  to  a  final  concentration  of  0.4% 
SDS/2%  Triton  X-100.  The  solubilized  pro¬ 
teins  were  incubated  with  glutathione  agarose 
containing  the  indicated  micrograms  of  Fyn  or 
Fyk  SH2  domain  fusion  protein  as  described.12 
The  bound  proteins  were  resolved  by  SDS- 
PAGE,  blotted  onto  nitrocellulose,  and  ana¬ 
lyzed  with  antiserum  to  the  AChR  as  de¬ 
scribed.12  The  positions  of  the  a,  (3,  y,  and  5 
subunits  are  as  indicated.  (From  Swope  and 
Huganir.12  Reproduced,  with  permission,  from 
the  Journal  of  Biological  Chemistry.) 


To  examine  whether  the  association  of  the  AChR  with  Fyn  and  Fyk  during 
immunoprecipitiation  is  mediated  by  binding  of  the  receptor  to  the  SH2  domain  o 
the  kinases,  the  effect  of  postsynaptic  membrane  protein  denaturation  was  deter¬ 
mined.  Under  native  conditions,  the  AChR  is  enriched  in  the  anti-Fyn  and  anti-Fyk 
immunoprecipitates  (Fig.  10)  as  shown  above  (Fig.  7).  All  four  AChR  subunits  are 
detected  in  the  anti-Fyk  (Fig.  10)  and  anti-Fyn  immunoprecipitates  (longer  expo- 


FIGURE  10.  Subunit  specificity  for  coimmunoprecipitation  of  the  AChR  with  Fyn  and  Fyk. 
Torpedo  electric  organ  postsynaptic  membranes  (250  p-g)  were  incubated  under  phosphorylat¬ 
ing  conditions,  treated  without  (Native)  or  with  (Denatured)  2%  SDS,  and  diluted  to  a  final 
concentration  of  0.4%  SDS/2%  Trition  X-100.  The  solubilized  proteins  were  immunoprecipi- 
tated  with  preimmune  (prei),  anti-^n  (afyn),  or  anti  -fyk  (afyk)  serum,  resolved  by  SDS-PAGfc, 
and  analyzed  by  Western  blot  using  a  pool  of  monoclonal  antibodies  to  the  AChK  as 
described.12  The  positions  of  the  a,  [3,  y,  and  8  subunits  are  as  indicated.  (From  Swope  and 
Huganir.12  Reproduced,  with  permission,  from  the  Journal  of  Biological  Chemistry.) 
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sures  of  film;  data  not  shown).  Upon  denaturation,  the  anti-Fyk  immunoprecipitate 
is  specifically  enriched  in  the  AChR  8  subunit  (Fig.  10).  In  addition,  as  shown  in 
Figure  10  and  by  scanning  densitometry  (data  not  shown),  after  denaturation  the 
anti-Fyn  immunoprecipitate  is  also  enriched  in  the  AChR  8  subunit  as  well  as  the  P 
subunit.  These  data  indicate  that  coimmunoprecipitation  of  the  AChR  with  Fyn  and 
Fyk  is  mediated  by  a  direct  association  of  the  receptor  with  the  protein  tyrosine 
kinases.  In  addition,  the  fact  that  the  dissociated  AChR  8  subunit  coimmunoprecipi- 
tates  with  Fyn  and  Fyk  is  consistent  with  the  results  obtained  using  the  fusion 
proteins  and  supports  an  association  of  the  receptor  with  the  kinases  via  the  SH2 
domains  of  Fyn  and  Fyk. 


DISCUSSION 

The  results  presented  here  demonstrate  that  agrin  induces  the  clustering  of 
AChR  and  phosphotyrosine-containing  proteins.  One  of  these  phosphoproteins 
appears  to  be  the  AChR  itself,  because  agrin  induces  the  tyrosine  phosphorylation  of 
the  receptor.  Whether  agrin-induced  AChR  phosphorylation  mediates  receptor 
clustering  or  is  a  consequence  of  clustering  is  not  presently  known.  One  attractive 
hypothesis  is  that  agrin-induced  tyrosine  phosphorylation  of  the  AChR  (3  subunit  of 
the  AChR  might  alter  its  interaction  with  the  cytoskeletal  elements  in  such  a  way  as 
to  cause  receptor  immobilization.  At  developing  neuromuscular  junctions,  phosphory- 
lated  receptors  would  accumulate  at  synaptic  sites  as  a  result  of  the  local  activation  of 
a  protein  tyrosine  kinase  by  agrin  released  from  the  axon  terminal.  However,  it  is 
possible  that  agrin-induced  phosphorylation  of  the  AChR  is  a  consequence  of 
receptor  aggregation.  For  example,  protein  tyrosine  kinases  might  accumulate 
together  with  the  AChR  in  agrin-induced  specializations,  phosphorylating  receptors 
as  they  aggregate. 

We  used  the  electric  organ  of  Torpedo  califomica  as  a  system  for  identifying 
protein  tyrosine  kinases  involved  in  the  regulation  of  synaptic  function.  Two  kinases 
of  the  Src  class  were  identified,  cloned,  sequenced,  and  functionally  characterized. 
As  demonstrated  by  examining  the  homology  of  the  conserved  and  unique  regions  of 
our  two  clones  to  known  protein  tyrosine  kinases,  one  of  the  clones  is  the  Torpedo 
homolog  of  neuronal  Fyn.  The  other  is  a  novel  protein  tyrosine  kinase  we  have 
named  Fyk  because  of  its  homology  to  the  Fyn  and  Yes  protein  tyrosine  kinases. 

As  for  many  other  types  of  protein  tyrosine  kinases,25-35’36  the  activities  of  Fyn  and 
Fyk  are  highest  in  the  brain,  suggesting  an  involvement  in  neuronal  function.  In 
neurons,  protein  tyrosine  kinases  are  believed  to  be  involved  in  differentiation5,6  as 
well  as  synaptic  function.4  Our  results  suggest  that  Fyn  and  Fyk  are  important  for 
postsynaptic  function  at  the  neuromuscular  junction  and  may  be  involved  in  the 
tyrosine  phosphorylation  of  the  AChR.  For  example,  the  enrichment  of  Fyn  and  Fyk 
activities  in  the  electric  organ  as  compared  to  muscle  suggests  that  the  two  kinases 
are  not  simply  “housekeeping”  proteins  of  muscle  and  electroplax,  which  is  derived 
from  muscle,  but  are  coenriched  in  electric  organ  with  other  synaptic  proteins.  In 
addition,  both  kinases  are  detected  in  the  postsynaptic  membrane  fraction  that  is 
enriched  in  the  AChR;  Fyn  and  Fyk  comprise  36%  and  8%,  respectively,  of  the  total 
protein  tyrosine  kinase  activity.  Furthermore,  our  data  demonstrate  that  anti-AChR 
immunoprecipitates  contain  a  protein  tyrosine  kinase  activity  that  phosphorylates 
the  receptor.  Conversely,  the  AChR  but  not  the  43-kDa  protein  is  enriched  in 
immunoprecipitates  of  both  Fyn  and  Fyk.  Finally,  phosphorylation  of  the  AChR  (3,  y, 
and  8  subunits  occurs  when  affinity-purified  AChR  is  immunoprecipitated  with 
anti-fyn  and  anti  -fyk  antibodies  followed  by  incubation  under  phosphorylating  condi- 
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tions.  These  data  indicate  that  Fyn  and  Fyk  form  a  tight  complex  with  the  AChR  and 
suggest  that  the  coimmunoprecipitated  AChR  is  phosphorylated  by  these  protein 
tyrosine  kinases.  In  addition,  these  data  suggest  that  Fyn  and  Fyk  may  catalyze  the 
endogenous  tyrosine  phosphorylation  of  the  AChR. 

The  N-terminal  half  of  Src-like  protein  tyrosine  kinases  contains  four  discrete 
functional  domains  including  the  SH2  domain.34  The  SH2  domain  was  originally 
identified  as  a  noncatalytic  region  that  is  conserved  among  cytoplasmic  protein 
tyrosine  kinases  and  modifies  kinase  function.37  Subsequently,  SH2  domains  were 
shown  to  be  contained  in  a  variety  of  signaling  proteins,  playing  a  crucial  role  in  their 
association  with  activated  growth  factor  receptor's.27’38  SH2  domains  bind  tyrosine 
phosphorylated  proteins  including  autophosphorylated  protein  tyrosine  kinases  and 
tyrosine  kinase  substrates27  via  the  recognition  of  specific  phosphopeptide  se¬ 
quences.39-40  Inasmuch  as  the  AChR  is  a  substrate  for  a  protein  tyrosine  kinase(s),  we 
postulated  that  the  coimmunoprecipitation  of  the  receptor  with  Fyn  and  Fyk  may  be 
mediated  by  an  association  between  the  SH2  domain  of  each  kinase  with  the 
tyrosine-phosphorylated  receptor.  To  address  this  possibility,  we  employed  affinity 
chromatography  using  fusion  proteins  derived  from  the  SH2  domain  of  Fyn  and  Fyk. 

We  found  that  the  AChR  bound  to  the  SH2  domain  fusion  proteins  in  a  manner 
dependent  on  protein  concentration.  As  demonstrated  by  two  independent  methods, 
the  binding  of  the  AChR  to  the  SH2  domains  requires  tyrosine  phosphorylation. 
First,  the  effect  of  several  phosphoamino  acids  on  AChR  binding  was  determined; 
both  phosphotyrosine  and  phenylphosphate  block  binding  whereas  phosphoserine 
and  phosphothreonine  do  not.12  In  addition,  the  extent  of  AChR  binding  to  the  Fyn 
and  Fyk  affinity  resin  correlates  with  the  extent  of  receptor  tyrosine  phosphoryla¬ 
tion.12 

The  AChR  is  a  250-kDa  pentameric  complex  comprising  four  homologous 
transmembrane  subunits  in  a  stoichiometry  of  coP'yS-7  The  (3,  y,  and  8  subunits  are 
each  phosphorylated  on  a  single  tyrosine  residue  that  is  contained  on  the  major 
intracellular  loop  between  transmembrane  domains  three  and  four.41  We  investi¬ 
gated  the  subunit  specificity  for  the  binding  of  the  AChR  to  the  Fyn  and  Fyk  SH2 
domain  fusion  proteins.  Subsequent  to  dissociation  of  the  AChR  by  SDS,  the  binding 
of  the  individual  receptor  subunits  to  the  affinity  resin  was  examined.  A  dramatically 
specific  binding  of  the  8  subunit  to  the  Fyn  and  Fyk  SH2  fusion  protein  was  observed. 
These  data  suggest  that  only  the  8  subunit  binds  directly  to  the  SH2  domain  affinity 
resin.  Alternatively,  the  binding  sites  on  the  |3  and  y  subunits  may  have  been 
inactivated  by  the  SDS  treatment.  Therefore,  the  subunit  specificity  for  binding  of 
the  intact  native  AChR  was  examined  using  phosphotyrosine-containing  peptides 
derived  from  the  known  phosphorylation  sites  of  the  receptor.41  The  8  subunit 
phosphopeptide  is  at  least  10-fold  more  potent  than  the  (3  or  y  subunit  phosphopep- 
tides  in  blocking  the  binding  of  the  native  AChR  to  the  Fyn  and  Fyk  SH2  domain 
fusion  proteins.12  Examination  of  the  peptide  sequence  for  the  (3,  y,  and  8  subunits 
reveals  that  the  subunit  specificity  observed  here  is  in  agreement  with  previous 
reports.  Phosphopeptides  containing  asparagine  at  position  +2  to  the  phosphotyro¬ 
sine  and  especially  isoleucine  at  postion  +3  are  preferred  for  binding  by  Src  and  Fyn 
SH2  domains.40  The  sequences  of  the  tyrosine  phosphorylation  sites  of  the  (3,  y,  and  8 
subunits  are  consistent  with  these  data;  the  8  subunit  sequence  is  YFNI,  whereas  the 
(3  and  y  subunit  sequences  are  YFIR  and  YILK,  respectively.41  Thus,  the  association 
of  the  AChR  with  the  SH2  domain  of  Fyn  and  Fyk  appears  to  be  mediated  by  the 
tyrosine  phosphorylation  site  contained  within  the  major  intracellular  loop  between 
transmembrane  domains  three  and  four  of  the  receptor  8  subunit. 
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The  AChR  specifically  coimmunoprecipitates  with  Fyn  and  Fyk.  To  examine 
whether  the  association  of  the  AChR  with  Fyn  and  Fyk  is  mediated  by  binding  of  the 
receptor  to  the  SH2  domains  of  the  kinases,  the  effect  of  postsynaptic  membrane 
protein  denaturation  was  determined.  In  agreement  with  the  results  using  SH2 
domain  fusion  protein  affinity  resin,  the  coimmunoprecipitation  of  the  AChR  with 
Fyn  and  Fyk  appears  to  be  mediated  by  the  8  subunit:  after  denaturation  by  SDS,  the 
anti-j^n  and  anti-fyk  immunoprecipitates  are  also  enriched  in  the  AChR  8  subunit. 
Thus,  binding  of  the  tyrosine-phosphorylated  intracellular  loop  of  the  AChR  8 
subunit  with  the  SH2  domain  of  Fyn  and  Fyk  appears  to  mediate  the  association  of 
the  receptor  with  these  two  protein  tyrosine  kinases. 

The  functional  consequence  of  association  between  the  AChR  and  Fyn  and  Fyk 
remains  to  be  determined.  It  has  been  postulated  that  binding  of  tyrosine- 
phosphorylated  proteins  to  the  SH2  domain  of  Src-like  kinases  and  adapter  proteins 
stabilizes  the  bound  substrates  by  preventing  rapid  dephosphorylation.27  In  fact, 
binding  of  Src  SH2  domain  fusion  protein  to  pp125  focal  adhesion  kinase,  protects  the 
major  site  of  pp125  focal  adhesion  kinase  autophosphorylation  from  dephosphoryla¬ 
tion  upon  treatment  with  a  tyrosine  phosphatase  in  vitro.42  Alternatively,  association 
between  tyrosine-phosphorylated  substrates  and  SH2  domain  containing  proteins 
may  provide  a  means  for  forming  complexes  of  proteins  containing  a  variety  of 
functions.  Thus,  association  between  Fyn  and  Fyk  and  the  AChR  may  protect  the 
receptor  from  dephosphorylation.  However,  the  association  may  promote  the  recruit¬ 
ment  of  enzymatic  and  structural  elements  involved  in  synaptic  transmission  at  the 
neuromuscular  junction. 

Synaptogenesis  is  a  complex  developmental  process  for  which  the  neuromuscular 
junction  has  served  as  a  model.  The  clustering  of  postsynaptic  components  at  the 
nerve-muscle  contact  appears  to  be  regulated  by  factors  contained  in  the  extracellu¬ 
lar  matrix43  including  agrin44-45  and  basic  fibroblast  growth  factor.46-47  The  action  of 
these  components  may  be  mediated  by  tyrosine  phosphorylation.  In  fact,  a  role  for 
protein  tyrosine  kinase  activation  has  been  implicated  in  the  clustering  of  synaptic 
components  induced  by  a  variety  of  neuronal  and  nonneuronal  stimuli  including 
nerve,9  polymer  beads,48-49  electric  field,50  expression  of  exogenous  43-kDa  protein,51 
and  in  vitro  treatment  with  basic  fibroblast  growth  factor47  or  agrin.10  Formation  of 
the  postsynaptic  specializations  is  associated  with  a  rearrangement  of  cytoskeletal 
elements52  and  an  alteration  in  gene  expression.53  The  ubiquitous  expression  of 
Src-like  protein  tyrosine  kinases  as  well  as  their  substrate  promiscuity  suggests  that 
these  kinases  regulate  a  wide  range  of  cellular  functions.29-54  Although  the  data 
presented  here  indicate  that  Fyn  and  Fyk  function  to  phosphorylate  the  AChR,  it  will 
be  interesting  to  examine  additional  roles  of  these  two  protein  tyrosine  kinases 
during  synaptogenesis. 

The  molecular  mechanisms  involved  in  the  regulation  of  Fyn  and  Fyk  in  the 
postsynaptic  membrane  of  Torpedo  electric  organ  and  in  skeletal  muscle  are  not 
known.  Tyrosine  phosphorylation  of  the  AChR  is  regulated  by  innervation  in  rat 
skeletal  muscle,9  a  process  that  appears  to  be  mediated  by  agrin.10-51  Agrin  interacts 
with  a  specific  receptor  in  the  muscle  plasma  membrane  that  is  responsible  for  the 
nerve  and  agrin-induced  clustering  of  the  AChR  at  the  synapse.55-56  An  agrin 
receptor  has  recently  been  identified  as  the  extracellular  peripheral  membrane 
subunit  of  a-dystroglycan.57-59  It  will  be  interesting  to  determine  whether  this  agrin 
binding  protein  functions  to  transduce  the  activation  of  an  intracellular  protein 
tyrosine  kinase  such  as  Fyn  and/or  Fyk. 
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SUMMARY 

Most  neurotransmitter  receptors  examined  to  date  are  either  regulated  by 
phosphorylation  or  contain  consensus  sequences  for  phosphorylation  by  protein 
kinases.  The  nicotinic  acetylcholine  receptor  (AChR),  which  mediates  depolariza¬ 
tion  at  the  neuromuscular  junction,  has  served  as  a  model  for  the  study  of  the 
structure,  function,  and  regulation  of  ligand-gated  ion  channels.  The  AChR  is 
phosphorylated  by  protein  kinase  A,  protein  kinase  C,  and  an  unidentified  protein 
tyrosine  kinase.  Tyrosine  phosphorylation  of  the  AChR  is  correlated  with  a  modula¬ 
tion  of  the  rate  of  receptor  desensitization  and  is  associated  with  AChR  clustering. 
We  showed  that  agrin,  a  neuronally  derived  extracellular  matrix  protein,  induces 
AChR  clustering  and  tyrosine  phosphorylation.  In  addition,  we  identified  two 
protein  tyrosine  kinases,  Fyn  and  Fyk,  that  appear  to  be  involved  in  the  regulation  of 
synaptic  transmission  at  the  neuromuscular  junction  by  phosphorylating  the  AChR. 
The  two  kinases  are  highly  expressed  in  Torpedo  electric  organ,  a  tissue  enriched  in 
synaptic  components  including  the  AChR.  As  demonstrated  by  coimmunoprecipita- 
tion,  Fyn  and  Fyk  associate  with  the  AChR.  Furthermore,  the  AChR  is  phosphory¬ 
lated  in  Fyn  and  Fyk  immunoprecipitates.  We  investigated  the  molecular  basis  for 
the  association  of  the  AChR  with  Fyn  and  Fyk  using  fusion  proteins  derived  from  the 
kinases.  The  AChR  bound  specifically  to  the  SH2  domain  fusion  proteins  of  Fyn  and 
Fyk.  The  association  of  the  AChR  with  the  SH2  domains  is  dependent  on  the  state  of 
AChR  tyrosine  phosphorylation  and  is  mediated  by  the  8  subunit  of  the  receptor. 
These  data  provide  evidence  that  the  protein  tyrosine  kinases  Fyn  and  Fyk  may  act  to 
phosphorylate  the  AChR  in  vivo. 
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Muscarinic  acetylcholine  receptors  possess  nine  cysteine  residues  which  are  con¬ 
served  among  all  five  receptor  subtypes:  four  are  in  membrane-spanning  helices;  one 
is  in  the  cytoplasmic  NH2-terminal  tail  and  is  probably  palmitoylated;  two  are  in  the 
third  extracellular  loop;  and  two  cysteines  located  in  the  first  and  second  extracellu¬ 
lar  loops  participate  in  disulfide  bond  formation.12  In  addition,  each  receptor  has  a 
variable  number  (1-6)  of  cysteine  residues  in  the  large  third  intracellular  loop. 
Although  biochemical  manipulation  of  these  groups  has  little  effect  on  [^antago¬ 
nist  binding,  it  has  been  known  for  at  least  10  years  that  the  redox  state  of  these 
sulfhydryl  moieties  influences  the  functional  coupling  of  receptors  to  transducer 
G-proteins.3-4  However,  natural  mediator(s)  that  may  act  on  these  groups  to  regulate 
receptor  activity  have  not  been  identified.  The  work  of  Lipton  and  co-workers5  raises 
the  possibility  that  5-nitrosylation  of  reactive  sulfhydryl  centers  may  be  a  common 
pathway  for  molecular  control  of  protein  function.  Nitric  oxide  (NO)  group  transfer 
(of  NO+)  from  nitric  oxide  depends  on  the  redox  chemistry  intrinsic  to  the  NO 
molecule.5  Sodium  nitroprusside  (SNP)  has  a  strong  NO+  character  and  nitrosylates 
protein  thiols.  In  the  present  study,  we  examined  the  possibility  that  nitrosylation  of 
sulfhydryl  groups  by  NO+  affects  receptor-G-protein  coupling. 

Rat  atrial  membranes  contain  m2  muscarinic  receptors  whose  binding  of  [3H]/V- 
methylscopolamine  increases  dramatically  in  the  presence  of  Gpp(NH)p  and  after 
physical  treatments  (heat,  low  pH)  that  engender  m2  dissociation  from  G-proteins.4-6 
Exposure  of  atrial  m2  receptors  to  SNP  (1-5  mM  for  30  minutes  at  room  tempera¬ 
ture)  produced  a  moderate  (18-30%)  increase  in  [3H]MS  binding  (Fig.  1A). 
Gpp(NH)p  (10  pM)  increased  the  apparent  density  of  muscarinic  binding  sites  by 
60%  (Fig.  IB).  However,  marked  stimulation  of  [3H]MS  binding  by  Gpp(NH)p  was 
moderated  by  SNP  (Fig.  IB).  Fully  two-thirds  of  the  increase  in  binding  engendered 
by  Gpp(NH)p  was  eliminated  by  5  mM  SNP,  so  that  [3H]MS  binding  was  reduced  to 
a  level  lower  than  that  measured  after  exposure  to  5  mM  SNP  alone.  Under  redox 
conditions  (i.e.,  exposure  to  ascorbate)  which  promoted  NO-,  as  opposed  to  NO+, 
formation  from  SNP,  m2  binding  and  activity  were  severely  depressed  or  eliminated 
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FIGURE  1.  Influence  of  sodium  nitroprusside  (SNP)  on  the  binding  of  [3H]MS  to  atrial  m2 
receptors.  Each  point  represents  the  mean  from  3-6  experiments.  (A)  The  binding  of  the 
indicated  concentrations  of  [3H]MS  was  measured  in  the  absence  of  SNP  (O)  or  after  exposure 
to  1  (A)  or  5  (A)  mM  SNP.  In  one  series  of  experiments,  atrial  membranes  were  treated  with  1 
mM  ascorbate  for  10  min  at  room  temperature  before  being  exposed  to  1  mM  SNP  (•). 
Nonlinear  regression  analyses  using  a  single  receptor  population  model  indicated  no  change  in 
[3H]MS  affinity  but  increases  in  apparent  receptor  density  from  0.99  ±  0.07  to  1.18  ±  0.12  and 
1.30  ±  0.16  fmol/mg  protein  after  exposure  to  1  and  5  mM  SNP,  respectively.  (B)  The  binding 
of  [3H]MS  was  measured  in  the  absence  of  modulating  agents  (O)  or  in  the  presence  of  10  jxM 
Gpp(NH)p  (A)  or  10  |xM  Gpp(NH)p  after  exposure  to  1  mM  SNP  (A).  Nonlinear  regression 
analyses  using  a  single  receptor  population  model  indicated  an  increase  in  receptor  density  in 
the  presence  of  Gpp(NH)p  (from  0.99  ±  0.07  to  1.57  ±  0.05  fmol/mg  protein)  with  no  change 
in  [3H]MS  binding  affinity.  The  apparent  receptor  density  in  the  presence  of  Gpp(NH)p  was 
reduced  to  1.39  ±  0.11  and  1.19  ±  0.08  after  exposure  to  1  (A)  and  5  (not  shown)  mM  SNP, 
respectively. 


(Fig.  1  A).  Exposure  to  ascorbate  alone  did  not  alter  [3H]MS  binding.  Sodium 
nitroprusside  (5  mM)  decreased  surface  and  total  thiol  content  by  27%  with  an  ICio 
of  1.0  ±  0.2  mM  (n  =  3)  (Fig.  2).  These  effects  of  SNP  were  not  observed  under 
conditions  (i.e.,  heat  and  low  pH)  in  which  receptor-G~protein  coupling  was 
eliminated.  Thus,  S-nitrosylation  appears  to  uncouple  m2  receptors  from  transducer 


FIGURE  2.  Influence  of  sodium  nitroprus¬ 
side  (SNP)  on  the  sulfhydryl  content  of  atrial 
membranes.  Sulfhydryl  content  was  mea¬ 
sured  after  a  10-min  exposure  to  SNP  in 
undisrupted  membranes  (O)  or  in  SDS- 
solubilized  (•)  membranes.  Measurements 
were  performed  spectroscopically  (412  nm) 
using  5,5'-dithio-fe-2-nitrobenzoate  as  a  spe¬ 
cific  probe. 
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G-proteins.  It  is  interesting  that  SNP  effects  were  not  observed  in  cultured  human 
neuroblastoma  cells  (Sk-N-SH),  which  predominantly  express  m3  muscarinic  recep¬ 
tors.  Preliminary  experiments  also  indicate  that  treatment  with  5  mM  SNP  disrupts 
m2  receptor  control  of  G-protein  GTPase  activity,  although  the  nature  of  this  effect 
(i.e.,  a  receptor,  G-protein,  or  coupling  effect)  is  not  yet  clear. 

These  findings  suggest  a  mechanism  for  modulation  of  muscarinic  receptor 
function  that  depends  on  both  the  redox  milieu  and  nitric  oxide  production. 
Although  the  identity  of  the  relevant  reactive  sulfhydryl  center  awaits  confirmation 
by  mutational  analysis,  the  fact  that  m2  but  not  m3  receptors  are  selectively  affected 
might  indicate  involvement  of  the  cysteine  moiety  on  the  second  intracellular  loop, 
which  is  only  present  in  m2  and  m4  receptors.  This  work  supports  the  suggestion  by 
Lipton  and  co-workers5  that  nitrosylation  of  reactive  sulfhydryl  groups  is  a  common 
biochemical  mechanism  for  the  control  of  protein  function. 
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Co-administration  of  an  agonist  with  an  antagonist  may  occupy  a  greater  number  of 
receptors  than  either  drug  alone,  thereby  attenuating  further  response  to  a  phasic 
stimulus.  At  the  same  time,  it  is  hypothesized  that  the  tonic  actions  of  the  agonist  and 
antagonist  offset  one  another,  regulating  receptor  activation  and  avoiding  over-  or 
understimulation  that  would  be  caused  by  administration  of  either  agonist  or 
antagonist  alone.  This  hypothesis  was  tested  in  the  context  of  drug  reward.  Twelve 
smokers  rated  the  rewarding  effects  of  cigarette  smoke  after  separate  and  combined 
administration  of  nicotine  and  the  nicotinic  antagonist  mecamylamine.  Subjects 
rated  test  cigarettes  after  administration  of  mecamylamine  (10  mg)  versus  placebo 
capsules,  and  a  nicotine  (1.1  mg)  versus  non-nicotine  smoke  preload.  Smoking 
withdrawal  symptoms,  task  performance,  and  cardiovascular  activity  were  also 
measured.  As  predicted,  mecamylamine  significantly  attenuated  smoking  satisfac¬ 
tion,  liking,  and  airway  sensations  (Fig.  1).  The  nicotine  preload  similarly  reduced 
the  enjoyable  aspects  of  subsequent  test  cigarettes,  and  this  action  of  the  preload  was 
not  prevented  by  mecamylamine.  In  contrast,  mecamylamine  did  block  nicotine- 
related  increases  in  heart  rate  and  systolic  blood  pressure  (Fig.  2).  Conversely, 
nicotine  counteracted  the  sedative  effects  of  mecamylamine  on  tapping  speed  (Fig. 
3)  and  orthostatic  blood  pressure  response  (Fig.  2).  Although  each  drug  offset 
potential  side  effects  of  the  other,  they  acted  in  unison  to  attenuate  smoking 
satisfaction.  Thus,  combined  agonist-antagonist  administration  may  attenuate  drug 
reward  while  preventing  the  withdrawal  symptoms  or  other  side  effects  associated 
with  presentation  of  agonist  alone  or  antagonist  alone.  Unlike  partial  agonists,  the 
current  approach  of  co-administering  agonist  and  antagonist  allows  for  flexible 
titration  of  the  ratio  of  agonist-to-antagonist  doses. 
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- » -  NIC/MEC 

--D--  NIC/NO  MEC 

- •—  NO  NIC/  MEC 

-  -  o  -  NO  NIC/NO  MEC 


PUFF  BLOCK 

FIGURE  1.  Effects  of  nicotine  and  mecamylamine  on  smoking  satisfaction  (A)  and  on  liking 
(B)  test  cigarettes. 


[Figures  2  and  3  are  on  following  pages .  ] 


ORTHOSTATIC  CHANGE  IN  SYSTOLIC  BP  (mm  Hg) 
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- O -  NO  NIC/NO  MEC 


TIME 


FIGURE  2.  Effects  of  nicotine  and  mecamylamine  on  orthostatic  response  of  systolic  blood 
pressure. 
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TIME 


NIC/MEC 
NIC/NO  MEC 
NO  NIC/MEC 
NO  NIC/NO  MEC 


FIGURE  3.  Effects  of  nicotine  and  mecamylamine  on  tapping  speed. 


Preliminary  Two-Dimensional  I^H]  NMR 
Characterization  of  the  Complex  Formed 
between  an  18-Amino  Acid  Peptide 
Fragment  of  the  a- Subunit 
of  the  Nicotinic  Acetylcholine  Receptor 
and  a-Bungarotoxin* 

LISA  N.  GENTILE*  VLADIMIR  J.  BASUS,C 
QING-LUO  SHI,*  AND  EDWARD  HAWROT* 
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Brown  University 
Providence,  Rhode  Island  02912 

c  Department  of  Pharmaceutical  Chemistry 
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The  nicotinic  acetylcholine  receptor  (nAChR)  is  a  ~250  kDa  pentameric  complex 
(subunit  composition:  a2py5)  which  is  located  at  the  neuromuscular  junction  and 
which  is  critically  involved  in  eliciting  skeletal  muscle  contraction.  The  nAChR  is  a 
transmembrane  protein  believed  to  have  a  topographical  distribution  as  depicted  in 
Figure  l.1  The  snake  venom-derived,  protein  a-n eurotoxins,  such  as  a-bungarotoxin 
(BGTX),  which  behave  as  high-affinity,  competitive  antagonists  at  the  nAChR  are 
believed  to  bind  to  an  extracellular  site  at  or  near  the  outermost  edge  or  cusp  of  the 
receptor  (Fig.  1).  Although  the  four  subunits  are  encoded  by  separate  genes,  they 
have  a  high  degree  of  sequence  homology  and  are  presumed  to  share  a  common 
tertiary  structure.  Each  of  the  subunits  is  predicted  on  the  basis  of  primary  sequence 
hydropathy  analysis  to  contain  four  membrane-spanning  regions  (M1-M4),  with  M2 
forming  the  lining  of  the  nonselective  cation  channel.  It  is  widely  held  that  the  first 
~200  N-terminal  residues  from  each  subunit  are  extracellular.  All  four  subunits 
contain  a  common  disulfide  loop  involving  Cys  residues  128  and  142  ( Torpedo 
califomica  a-subunit  numbering  scheme).  The  a-subunit  alone  contains  an  addi¬ 
tional,  extremely  rare  vicinal  disulfide  between  residues  192  and  193.  Many  lines  of 
investigation  argue  that  the  major  determinants  of  the  agonist  and  antagonist 
binding  sites  are  located  predominantly  on  the  a-subunit  although  contributions 
from  the  y-  and  8-subunits  also  appear  to  be  involved.  At  present,  the  exact  role  of 
the  vicinal  disulfide  in  the  a-subunit  is  unclear,  but  it  has  been  postulated  that  the 
conformational  movements  about  the  highly  strained  eight-membered  disulfide  ring 


°This  work  was  supported  by  National  Science  Foundation  grants  BNS  90-21227  (to  E.H.) 
and  DMB9104794  (to  V.J.B.);  National  Institutes  of  Health  grant  GM32629  (to  E.H.);  and  a 
NIH  predoctoral  training  grant  GM07601  (to  L.N.G.).  Some  of  the  work  presented  here  was 
done  in  partial  fulfillment  of  the  requirements  for  a  Ph.D.  degree  (L.N.G.)  from  Brown 
University. 
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may  be  important  in  channel  activation,  subserving  in  some  way  the  key  signal 
transduction  event  at  the  neuromuscular  junction.2 

Small  synthetic  peptides  corresponding  to  overlapping  regions  of  the  N-terminus 
(upstream  of  the  Ml  region)  of  the  a-subunit  have  been  examined  in  an  attempt  to 
localize  the  full  extent  of  the  a-BGTX  binding  site.3-12  Several  groups  now  agree  that 
synthetic  or  recombinant  peptide  fragments  of  the  a-subunit  that  contain  residues 
181-198  ( Torpedo  califomica ),  and  which  notably  include  the  192-193  disulfide  site 
within  the  native  receptor,  retain  significant  ability  to  bind  BGTX  as  evidenced  by  a 
variety  of  binding  assays.  For  example,  the  18mer  (al81-YRGWKHWVYYTCCP- 
DTPY-198)  binds  BGTX  with  an  apparent  of  65  nM.4  U 

Due  to  well-documented  technical  difficulties  in  preparing  crystals  of  membrane 
proteins,  an  atomic  resolution  structure  of  the  receptor  or  of  its  binding  site  is 
presently  lacking.  A  9  A  cryoelectron  microscopy  derived  structure  based  on 


FIGURE  1.  Schematic  model  of  the  nAChR  showing  the  heteropentameric  complex,  as  viewed 
in  the  membrane,  as  well  as  the  a-bungarotoxin  and  ligand  binding  sites.  (From  Stroud.1 
Reproduced  with  permission.) 


pseudocrystalline  arrays  of  receptor  in  two-dimensional  membranes  is  providing 
some  moderate  resolution  insights  into  the  three-dimensional  configuration  of  the 
receptor  in  native  membranes.13  Our  interests  are  in  defining  the  nature  of  the 
contact  zone  between  portions  of  the  N-terminal  domain  of  the  a-subunit  of  the 
nAChR  (specifically  residues  181-198)  and  BGTX  on  an  atomic  level.  We  feel  that 
the  ability  of  the  18mer  to  bind  so  tightly  to  the  toxin  is  a  good  indication  that  a 
significantly  large  fraction  (at  least  50%)  of  the  actual  binding  site  residues  in  the 
native  receptor  may  be  included  in  the  18mer  peptide.  Hence,  we  feel  that  a 
structural  analysis  of  the  receptor  peptide  fragments  bound  to  BGTX  will  provide 
valuable  information  on  the  structure,  at  least  that  of  the  antagonist  bound  state,  of 
the  corresponding  region  in  the  intact  receptor.  Towards  this  end,  we  have  been 
using  two-dimensional  [‘HjNMR  techniques  to  characterize  the  solution  structure  of 
the  receptor-antagonist  complex. 


224 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


Our  current  NMR  investigations  enlarge  upon  our  earlier  studies  of  the  disulfide 
form  of  a  12-amino  acid  peptide  fragment  of  the  AChR  (al85-196).14  The  view  that 
is  emerging  from  both  of  our  NMR  studies  is  one  of  a  broad  contact  zone  between 
the  proteins.  The  12mer  has  extensive  contacts  with  the  first  two  N-terminal  loops  of 
the  toxin  as  evidenced  by  large  chemical  shift  changes  in  bound  versus  free  BGTX,  as 
well  as  by  intermolecular  NOEs  (nuclear  Overhauser  effects)  between  the  peptide 
and  toxin.  The  contact  zone  of  the  stoichiometric  complex  formed  between  BGTX 
and  the  18mer  (disulfide  form  of  the  peptide)  also  includes  the  first  two  loops  of 
BGTX.  The  area  of  contact  is  extended  further,  however,  on  both  the  N-  and 
C-terminus  ends  of  the  nested  12mer  sequence  (KHWVYYTCCPDT),  and  we  now 
detect  potential  contacts  with  residues  in  the  third  loop  and  an  additional  residue 
within  the  C-terminal  tail  region. 


METHODS 

The  12-amino  acid  peptide  corresponding  to  residues  185-196  (12mer),  as  well  as 
the  18-amino  acid  peptide  corresponding  to  residues  181-198  (18mer)  of  the 
a-subunit,  were  synthesized  and  purified  by  reverse-phase  high-performance  liquid 
chromatography  (RP-HPLC)  in  the  Protein  and  Nucleic  Acid  Facility,  Yale  Univer¬ 
sity  School  of  Medicine,  New  Haven,  Connecticut.  The  primary  amino  acid  se¬ 
quences  are  those  of  the  nAChR  as  isolated  from  Torpedo  califomica  and  are  highly 
conserved  among  species  in  this  region.  Both  amino  and  carboxyl  termini  were 
prepared  unblocked,  and  the  cysteines  were  prepared  and  maintained  in  the  reduced 
state.  Susceptibility  to  covalent  alkylation  by  N-ethylmaleimide,  as  indicated  by  a 
marked  increase  in  retention  time  on  HPLC,  confirmed  that  >  90%  of  the  synthe¬ 
sized  peptide  contained  cysteines  in  the  free  sulfhydryl  form  (see  Fig.  2).  The  amino 
acid  composition  of  the  peptide  was  verified  by  ion  exchange  chromatographic 
analysis  of  performic  acid  oxidation  products  on  a  Beckman  model  6300  amino  acid 
analyzer.  The  mass  of  the  12mer  (1,515)  and  the  18mer  (2,340)  were  confirmed  by 
fast-atom  mass  bombardment  (FAB)  techniques,  at  the  Yale  Cancer  Center  Mass 
Spectroscopy  Facility. 

Both  the  12mer  and  the  18mer  were  oxidized  with  K3Fe(CN)6.  In  both  cases,  one 
equivalent  of  the  reduced  peptide  in  CH3CN/H20  (10%  acetonitrile  in  the  case  of 
the  12mer  and  50%  acetonitrile  for  the  less  soluble  18mer)  at  0.13  mM,  pH  7.1  was 
added  dropwise  with  a  peristaltic  pump  to  a  solution  containing  1.2  equivalents  of 
potassium  ferricyanide  in  0.05  M  ammonium  bicarbonate  at  pH  7.1.  These  condi¬ 
tions,  employing  slow  addition  of  peptide  to  oxidant  and  high  dilution  were  required 
to  prevent  intermolecular  disulfide  formation.  Completion  of  the  reaction  was 
monitored  with  a  standard  Ellman’s  reaction.  Upon  completion  of  oxidation  of  the 
12mer,  5  mL  of  Biorad  Affigel-501  in  ammonium  bicarbonate  buffer  was  added  to  the 
reaction  vessel,  and  the  mixture  was  gently  stirred  overnight  at  4  °C.  After  filtration 
and  C18  Sep-Pak  desalting,  the  peptide  was  purified  by  C18  RP-HPLC  in  50% 
CH3CN/H20  (0.1%  TFA).  The  preparation  of  the  disulfide  form  of  the  18mer  did 
not  require  the  organomercurial  step  for  removal  of  the  residual  thiol-containing 
starting  material,  as  the  oxidized  and  reduced  forms  of  the  18mer  were  resolvable 
upon  RP-HPLC  (see  the  elution  profile  in  Fig.  3),  unlike  the  oxidized  and  reduced 
12mer,  which  co-eluted  as  one  broad  peak  (note  the  observed  retention  times,  tR,  of 
the  oxidized  and  reduced  12mer  in  Fig.  2).  The  observed  broadness  of  the  12mer- 
disulfide  peak,  relative  to  that  of  the  starting  material,  suggests  that  the  disulfide 
form  of  the  peptide  may  exist  as  multiple  conformers.  Consistent  with  this  interpreta¬ 
tion  is  the  fact  that  on  the  NMR  time  scale,  we  have  observed,  even  at  elevated 
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temperatures,  multiple  low-energy  conformers  of  the  12mer-disulfide  peptide  sugges¬ 
tive  of  conformational  rearrangements  involving  the  eight-membered  disulfide  ring 
(V.  J.  Basus,  unpublished  observations).  The  mass  of  both  disulfide-containing 
peptides  was  confirmed  by  FAB  mass  spectroscopy,  as  above.  Typical  final  yields  for 
the  18mer  oxidation  were  70%,  and  those  for  the  12mer  were  about  50%. 

All  NMR  spectra  were  acquired  on  a  GE  GN-500MHz  spectrometer  at  the 
University  of  California  at  San  Francisco.  The  1:1  complex  of  12mer:BGTX  (5  mM 
each)  in  H2O  was  prepared  at  pH  5.8,  whereas  the  1:1  complex  of  18mer:BGTX  (7.5 
mM)  was  prepared  at  pH  4.0.  In  both  cases,  the  peptide  in  solid  form  was  added  to  a 
solution  of  BGTX. 

The  ROESY  (rotating  frame  Overhauser  spectroscopy)  NMR  experiment  of  a 
2:1  mixture  of  BGTX:12mer  (Kd  «  1.2-3  |xM)  was  carried  out  at  45  °C,  with  a  100  ms 


FIGURE  2.  Reverse-phase  (C- 
18)  high-performance  liquid  chro¬ 
matography  profile  of  the  reduced 
( bottom )  and  oxidized  (top)  18mer 
(al81-198).  The  reduced  18mer 
has  a  longer  retention  time  and  is 
baseline  separable  from  the  disul¬ 
fide  form  of  the  18mer. 


mixing  time,  at  7.5  mM  BGTX,  3.75  mM  peptide.  Due  to  the  tighter  binding  in  the 
complex  formed  with  the  18mer  (K^  ~  65  nM)  the  experiment  was  performed  at 
65  °C,  with  a  50  ms  mixing  time.  Usually,  the  NMR  experiments  involved  an  acquired 
data  set  of  512  x  2048  with  16  scans  per  tx  increment,  and  the  use  of  Doddrell’s 
1:3:3:1  water  suppression  scheme. 

The  NOESY  (nuclear  Overhauser  spectroscopy)  experiments  of  the  1:1  peptide: 
BGTX  complex  were  carried  out  in  temperature  intervals  of  10  0  beginning  from  the 
temperature  used  for  the  ROESY  experiments  of  the  complex  (65  C  for  the  18mer 
complex,  45  °C  for  the  12mer  complex)  down  to  35  °C  where  the  resonances  of  free 
BGTX  were  assigned.  The  usual  NOESY  experiment  was  run  with  a  mixing  time  of 
150  ms,  the  above-mentioned  data  set  size,  and  a  “jump  and  return”  water  suppres¬ 
sion  scheme.  The  HOHAHA  (homonuclear  Hartman  Hahn)  experiments  were 


226 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


done  with  a  50  ms  mixing  time  and  a  combination  of  SCUBA,  DANTE,  and  1:3:3 :1 
water  suppression  programs.  The  DQCOSY  (double  quantum  filtered  correlation 
spectroscopy)  spectra  were  acquired  with  SCUBA  water  suppression.  All  experi¬ 
ments  are  run  in  H2O  and  the  reported  chemical  shifts  are  relative  to  sodium 
3-(trimethylsilyl)propionate,  or  the  water  resonance. 


Oxidised  (S-S)  I2mer  +  NEM 
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FIGURE  3.  Reverse-phase  high-performance  liquid  chromatography  (HPLC)  analysis  of  the 
12mer  (al85-196)  before  and  after  ferricyanide  oxidation  to  the  disulfide.  As  the  reduced  and 
oxidized  form  of  the  12mer  appear  to  co-migrate  upon  HPLC,  the  disulfide  form  was  revealed 
only  after  N-ethylmaleimide  (NEM)  treatment.  The  NEM  alkylates  the  available  sulfhydryl 
only  in  the  reduced  form  of  the  12mer  causing  a  shift  in  elution  position  as  indicated.  The 
elution  position  of  the  disulfide  form  of  the  12mer  is  not  affected  by  NEM. 


RESULTS  AND  DISCUSSION 

The  first  step  in  defining  the  contact  zone  between  receptor  and  toxin  is  the 
complete  assignment  of  the  1:1  complex  (Table  1  for  12mer,  Table  2  for  18mer). 
To  accomplish  this,  we  took  advantage  of  two  factors,  the  difference  in  sign  of 
chemical  exchange  cross  peaks  versus  NOE  cross  peaks  in  a  ROESY  experiment  of  a 
2:1  BGTX:18mer  complex,  and  the  complete  assignment  of  free  BGTX.  In  the 
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table  i.  pH]  Chemical  Shifts0  and  Assignments  for  a-Bungarotoxin  Complexed  to 
the  AChR  Peptide  Fragment  a!85-196,  at  35  °C  and  pH  5.9 


NH 

CctH 

CpH 

Others 

BGTX  Residue 

Ile-1 

n.o.6 

4.15 

1.53 

C7H3  0.91,  C7H2 1.20,  C8H3  0.74 

Val-2 

8.11 

4.99 

1.57 

C7H3  0.57, 0.86 

Cys-3 

8.76 

5.06 

2.44, 3.01 

His-4 

9.23 

5.06 

2.89, 2.54 

C8H  6.34,  CeH  7.71 

Thr-5 

9.06 

5.29 

4.03 

C7H3 1.36 

Thr-6 

8.62 

4.79 

5.70 

C7H3 1.27 

Ala-7 

9.23 

4.53 

1.42 

Thr-8 

7.44 

4.68 

4.28 

C7H3 1.06 

Ser-9 

8.28 

n.a.c 

3.79, 3.80 

Pro-10 

4.80 

2.05, 2.18 

Ile-1 1 

8.85 

3.95 

1.50 

C8H  0.25,  C7H2  0.91, 1.37 

Ser-12 

7.66 

4.93 

3.73,  3.82 

Ala-13 

8.19 

5.09 

0.88 

Val-14 

8.90 

4.66 

2.09 

C7H3  0.89,  0.86 

Thr-15 

8.47 

4.45 

4.01 

C7H3 1.24 

Cys-16 

8.85 

4.85 

3.35,  3.00 

Pro-17 

4.72 

2.42, 1.78 

Pro-18 

4.31 

2.32, 1.88 

C8H2  3.88, 3.60 

Gly-19 

8.74 

4.28, 3.67 

Glu-20 

7.91 

4.28 

2.14, 1.62 

Asn-21 

7.82 

4.98 

3.00,  2.67 

N8H2  6.98, 7.44 

Leu-22 

8.33 

4.99 

1.72, 1.54 

C7H  1.58,  C8H3  0.72, 0.79 

Cys-23 

8.73 

5.96 

3.27, 2.84 

Tyr-24 

9.07 

6.00 

3.00, 2.66 

C8H  6.65,  CeH  6.75 

Arg-25 

9.00 

5.25 

n.a. 

Lys-26 

9.95 

5.81 

2.11, 1.88 

C7H  1.60,  CeH  2.53 

Met-27 

9.21 

6.24 

2.00, 1.98 

C7H2  2.43, 2.62,  Ce  1.97 

Trp-28 

8.16 

5.20 

3.79, 3.45 

Ct|H  7.35,  C£3H  6.80,  C£2H  7.58, 

C8H  7.07 

Cys-29 

9.55 

5.40 

3.48,  3.06 

Asp-30 

8.10^ 

4.99 

3.56, 2.75 

Ala-31 

8.30 

4.08 

1.06 

Phe-32 

8.82 

4.83 

3.10, 2.86 

C8H  7.29,  C£H  7.35 

Cys-33 

7.77 

4.22 

3.76,  3.12 

Ser-34 

n.a. 

n.a. 

n.a. 

Ser-35 

n.a. 

4.29 

n.a. 

Arg-36 

8.33 

4.57 

n.a. 

Gly-37 

7.25 

4.58, 3.78 

Lys-38 

7.81 

n.a. 

n.a. 

Val-39 

8.71 

3.79 

0.15 

C7H3  0.49, 0.33 

Val-40 

8.10 

4.56 

1.48 

C7H3  0.53,  0.47 

Glu-41 

9.20 

5.06 

2.40,  2.08 

Leu-42 

8.76 

5.09 

1.55 

C8H  0.89,  C7H  1.52 

Gly-43 

6.65 

4.38, 4.09 

Cys-44 

8.40 

5.60 

3.36,  3.18 

Ala-45 

9.34 

4.58 

1.41 

Ala-46 

8.75 

4.85 

1.54 

Thr-47 

7.40 

4.33 

3.97 

C7H3 1.13 

Cys-48 

9.00 

4.55 

n.a. 

Pro-49 

4.11 

1.52,  2.08 

C8H2  3.57,  3.17,  C7H2  1.0, 1.36 

Ser-50 

8.02 

4.19 

3.74, 3.79 

Lys-51 

8.23 

4.40 

n.a. 

{continued) 
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table  i.  (continued) 


NH 

CoH 

C0H 

Others 

BGTX  Residue  (Cont’d) 

Lys-52 

8.66 

4.49 

1.49, 0.79 

CyH2  1.79, 1.32 

Pro-53 

4.21 

1.82, 2.25 

Tyr-54 

6.89 

4.72 

3.53, 3.13 

CeH  6.76,  C5H  7.12 

Glu-55 

7.66 

5.11 

2.13, 1.92 

CyH  1.81 

Glu-56 

8.91 

4.78 

2.10, 2.00 

CyH  2.29 

Val-57 

8.54 

5.30 

1.89 

C7H3  0.95,  0.88 

Thr-58 

9.07 

4.77 

4.02 

CyH31.23 

Cys-59 

9.13 

5.65 

3.73 

Cys-60 

9.24 

5.14 

3.61,3.39 

Ser-61 

8.86 

4.94 

4.20, 3.82 

Thr-62 

7.50 

4.76 

4.29 

CyH2 1.21 

Asp-63 

8.29 

4.82 

2.51, 2.31 

Lys-64 

9.99 

3.17 

0.29, 0.98 

C5H  1.52,  CyH2 1.73, 1.49 

Cys-65 

7.64 

4.57 

3.77, 3.56 

Asn-66 

9.01 

4.93 

n.a. 

N5H2  7.52,  7.96 

Pro-67 

3.58 

n.a. 

His-68 

8.34 

3.90 

2.82,  2.67 

C8H  6.44,  CeH  8.10 

Pro-69 

n.a. 

n.a. 

C8H2  3.13,  2.15,  C7H  1.84 

Lys-70 

n.a. 

4.24 

n.a. 

Gln-71 

8.10 

4.29 

2.04 

Arg-72 

8.29 

4.46 

n.a. 

Pro-73 

4.48 

n.a. 

Gly-74 

7.91 

3.84 

12mer  Residue 

His-186 

n.a. 

4.74 

3.29, 3.09 

C5H  7.78,  CeH  8.11 

Trp-187 

8.79 

4.47 

3.30, 3.19 

C£2H  7.28,  CSH  7.01,  CeH  7.65,  9.65 

Val-188 

8.22 

4.08 

1.96 

C7H3 1.06,  0.68 

Tyr-189 

7.85 

4.85 

3.15, 2.79 

C8H  7.31,  CeH  6.91 

Tyr-190 

9.31 

5.40 

3.33, 2.87 

C5H  7.01,  C|H  6.95 

Thr-191 

n.a. 

4.17 

4.25 

C7H3 1.19 

Cys-192 

n.a. 

n.a. 

n.a. 

Cys-193 

7.42 

5.34 

3.62, 3.38 

Pro-194 

n.a. 

n.a. 

C5H2  3.94, 3.31 

Asp- 195 

8.20 

4.73 

2.84,  2.52 

Thr-196 

7.73 

4.08 

4.19 

C7H3 1.12 

"Chemical  shifts  in  ppm  from  internal  TSP  or  water;  accuracy  +/-  0.01  ppm. 


6n.o.,  not  observed. 
rn.a.,  not  assigned. 

dNote  the  correction  in  this  shift  from  that  reported  erroneously  in  ref.  14. 


ROESY  experiment,  there  was  an  equimolar  amount  of  “free”  and  18mer  “bound” 
BGTX  in  the  sample,  and  the  temperature  of  the  sample  (65  °C)  was  such  that  there 
was  significant  chemical  exchange  set  up  between  free  and  bound  BGTX.  Knowing 
what  the  free  shifts  of  BGTX  were  at  the  operating  temperature  (these  had  to  be 
assigned  anew,  but  were  made  significantly  easier  by  the  assignments  that  had 
already  been  carried  out  of  the  toxin  at  35  °C  and  45  °C)  allowed  the  identification  of 
significantly  shifted  peaks  in  the  complex.  This  approach  was  only  useful  for 
resonances  that  underwent  large  chemical  shift  perturbations  upon  binding,  because 
those  nearly  similar  to  those  in  free  toxin  were  lost  in  the  diagonal  noise  of  the 
spectrum.  Once  these  “perturbed”  residues  were  assigned,  the  traditional  assign- 
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table  2.  ['H]  Chemical  Shifts*  and  Assignments  for  a-Bungarotoxin  Complexed  to 
the  AChR  Peptide  Fragment  a!81-198,  at  35  °C  and  pH  4.0 _ 


NH 

CaH 

C(3H 

Others 

BGTX  Residue 

Ile-l 

n.o.b 

4.17 

2.075 

C-yH3  0.76,  C-yH2  1.16,  C5H3  0.71 

Val-2 

8.05 

4.95 

1.52 

C7H3  0.57, 0.84 

Cys-3 

8.75 

5.06 

2.39, 2.94 

His-4 

9.44 

5.05 

3.06, 2.95 

C8H  6.42 

Thr-5 

8.87 

5.18 

3.99 

C7H3  1.28 

Thr-6 

8.28 

4.43 

5.33 

C7H3  1.40 

Ala-7 

9.19 

4.54 

1.45 

Thr-8 

7.04 

4.50 

4.28 

C7H3 1.04 

Ser-9 

8.28 

4.54 

3.85,3.56 

Pro-10 

n.a.c 

n.a. 

Ile-l  1 

8.30 

4.12 

1.68 

C7H3  1.00,  C7H2  1.18,  C8H3  0.88 

Ser-12 

7.61 

4.98 

3.95, 3.80 

Ala-13 

8.28 

5.04 

0.83 

Val-14 

8.83 

4.65 

2.05 

C7H3  0.83, 0.86 

Thr-15 

8.50 

4.41 

3.98 

C7H3  1.22 

Cys-16 

8.83 

4.84 

3.22, 3.00 

Pro-17 

n.a. 

n.a. 

C8H2  3.49 

Pro-18 

4.40 

2.31, 1.98 

Gly-19 

8.77 

4.27, 3.66 

Glu-20 

7.85 

4.28 

2.31,2.19 

Asn-21 

8.04 

4.94 

3.00, 2.65 

NSH.  6.96,  7.44 

Leu-22 

8.22 

4.99 

1.69, 1.45 

C7H  1.57,  C8H3  0.69, 0.77 

Cys-23 

8.75 

5.93 

3.17,  2.84 

Tyr-24 

8.93 

5.97 

3.00, 2.65 

CSH  6.66 

Arg-25 

9.03 

5.24 

n.a. 

C5H2  3.01,  NeH  7.16 

Lys-26 

9.79 

5.78 

2.15, 1.92 

C7H2 1.60 

Met-27 

9.18 

6.19 

2.60, 2.01 

C7Ho  1.94,  SCH3  1.97 

Trp-28 

8.19 

5.20 

3.71,3.55 

OnH  6.86,  C3H  7.28,  CeH  7.55, 

CSH  7.05,  NeH  10.49 

Cys-29 

9.15 

5.10 

3.37, 3.03 

Asp-30 

9.33 

4.98 

3.44, 2.73 

Ala-31 

8.10 

4.04 

1.04 

Phe-32 

8.80 

4.68 

3.39, 3.10 

CSH  7.21,  CgH  7.23 

Cys-33 

7.67 

3.46 

3.50, 3.09 

Ser-34 

8.94 

4.26 

4.00,  3.94 

Ser-35 

7.83 

4.65 

3.96 

Arg-36 

8.23 

4.54 

1.87 

C7H2 1.78, 1.65,  NeH  7.19 

Gly-37 

7.19 

4.70, 3.72 

Lys-38 

8.08 

4.20 

1.61, 1.48 

C7H  1.25,  CeH2  2.97 

Val-39 

8.65 

3.56 

0.13 

C7H3  0.38, 0.25 

Val-40 

8.09 

4.48 

n.a. 

C7H3  0.46, 0.53 

Glu-41 

9.20 

5.00 

2.35 

Leu-42 

8.75 

5.07 

n.a. 

C7H2  1.52,  CSH3  0.92, 0.84 

Gly-43 

6.62 

4.28, 3.98 

Cys-44 

8.44 

5.53 

3.21, 2.99 

Ala-45 

9.36 

4.58 

1.39 

Ala-46 

8.73 

4.84 

1.52 

Thr-47 

7.40 

4.33 

3.95 

C7H3  1.12 

Cys-48 

9.01 

4.54 

2.90 

Pro-49 

4.15 

2.10, 1.54 

Ser-50 

8.01 

4.13 

3.79, 3.74 

Lys-51 

8.48 

4.24 

n.a. 

{continued) 
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table  2.  (i continued ) 


NH 

CaH 

CpH 

Others 

BGTX  Residue  (Cont’d) 

Lys-52 

8.10 

4.56 

0.96 

CyH2  1.36, 1.31,  C8H2  1.59, 1.47 

Pro-53 

4.18 

2.15, 1.70 

Tyr-54 

7.22 

4.56 

3.16 

CeH  6.77 

Glu-55 

7.73 

5.11 

2.01 

C7H2 1.90 

Glu-56 

8.92 

4.78 

2.37 

C7H22.I3 

Val-57 

8.52 

5.25 

0.87 

C7H3  0.94, 0.85 

Thr-58 

9.08 

4.75 

3.99 

C7H3 1.21 

Cys-59 

9.14 

5.62 

3.72, 3.02 

Cys-60 

9.17 

5.12 

3.58, 3.41 

Ser-61 

8.86 

4.92 

4.17,  3.79 

Thr-62 

7.47 

4.75 

4.24 

C7H3 1.20 

Asp-63 

8.37 

4.73 

2.31 

Lys-64 

9.91 

3.05 

0.96,  0.25 

C7H2  1.52,  C8H2 1.52, 1.49 

Cys-65 

7.64 

4.51 

3.74, 3.50 

Asn-66 

8.88 

4.97 

2.54 

NSH2  7.62,  7.53 

Pro-67 

n.a. 

n.a. 

His-68 

n.a. 

n.a. 

n.a. 

Pro-69 

n.a. 

n.a. 

Lys-70 

9.04 

4.40 

1.92 

CeH2  3.00 

Gln-71 

8.29 

4.32 

1.97 

Arg-72 

8.29 

4.63 

1.87, 1.75 

C7H2 1.68, 1.46,  C8H2  3.21,  NeH 

7.16 

Pro-73 

n.a. 

n.a. 

Gly-74 

7.96 

3.91 

18mer  Residue 

Lys-185 

7.47 

3.11 

Tyr-190 

9.35 

4.39 

2.92 

Thr-191 

8.05 

4.48 

n.a. 

Cys-192 

7.69 

4.81 

n.a. 

Cys-193 

7.29 

5.42 

n.a. 

Pro-194 

n.a. 

n.a. 

C8H2  4.00, 3.30 

Asp-195 

8.20 

4.90 

2.89 

Thr-196 

6.97 

3.89 

4.65 

Tyr-198 

9.53 

5.36 

3.45,  3.06 

“Chemical  shifts  in  ppm  from  internal  TSP  or  water;  accuracy  +  /-  0.01  ppm. 


*n.o.,  not  observed. 
cn.a.,  not  assigned. 


ment  protocol  of  NOESY,  HOHAHA,  and  DQCOSY  experiments  were  performed 
on  the  1:1  complex.  It  is  especially  important  to  note  here  that  we  were  able  to  form  a 
true  1:1  complex  between  BGTX  and  the  peptide  fragments.  In  work  recently 
described  using  an  Escherichia  coli  trpE  fusion  protein  containing  an  overlapping 
region  of  the  receptor  (al83-204),  <  0.1%  of  the  recombinant  protein  appeared  to 
be  in  an  active  conformation  capable  of  binding  toxin.15 

BGTX  is  a  74-amino  acid  long,  a-neurotoxin  from  the  venom  of  Bungarus 
multicinctus.  BGTX  has  been  extremely  useful  in  pharmacological,  electrophysiologi- 
cal,  and  biochemical  studies  of  the  nAChR  because  of  its  high  selectivity  for  the 
receptor  and  its  high  binding  affinity.  Its  tertiary  structure  is  characterized  by  the 
presence  of  five  disulfide  bonds,  found  between  cysteines  3-23, 16-44,  29-33,  48-59, 
and  60-65.  Its  high  resolution  structure  has  been  solved  both  in  solution  by 
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two-dimensional  ['HjNMR  and  in  the  crystalline  state  by  X-ray  crystallography.1617 
Figure  4  shows  that  it  is  a  relatively  flat,  hand-shaped  structure  composed  of  3 
loops:  the  N-terminal  loop,  the  middle  so-called  toxic  loop,  and  a  third  loop  that 
leads  into  the  C-terminal  tail.  The  secondary  and  tertiary  structure  of  BGTX  is 
dominated  by  a  triple-stranded,  antiparallel  |3-sheet  including  residues  Leu22  to 
Trp28,  Val40  to  Ala45,  and  Glu56  to  Cys60.  The  boxed  residues  in  Figure  4  are 
those  that  undergo  large  chemical  shift  perturbations  upon  binding  the  12mer.  The 
circled  residues  are  those  that  undergo  large  chemical  shift  perturbations  upon 
binding  the  18mer.  BGTX  residues  that  were  perturbed  both  in  the  binding  to  the 
12mer  and  to  the  18mer  receptor  fragments  are  shown  as  dark  filled  boxes.  The 
BGTX  residues  that  are  most  affected  by  either  12mer  or  18mer  binding  appear  to  be 
concentrated  in  the  region  of  the  N-terminal  and  middle  toxic  loops. 

Residues  Asp30  and  Arg36  in  BGTX  have  been  postulated  to  form  an  acetylcho¬ 
line-mimetic  site  on  the  toxin,  and  might  be  expected  to  form  the  main  contact  zone 
with  peptide  fragments  from  the  receptor.18  Table  3  shows  the  residues  in  BGTX 
that  are  significantly  perturbed  (AS  >  0.15  ppm)  upon  complex  formation,  and 
indicates  that  the  contact  zone  between  receptor  and  toxin  is  quite  extensive.  In  the 
solution  structure  of  the  12mer/BGTX  complex,  as  calculated  from  the  interproton 
distance  constraints,  the  receptor  peptide  appears  to  come  very  close  to  contributing 
an  additional  antiparallel  (3-strand  to  the  central  antiparallel  (3-sheet  structure  of  the 
toxin.14  It  is  interesting  to  note  from  Table  3  the  number  of  evolutionarily  conserved 
residues,  especially  Trp28,  Asp30,  and  Phe32,  that  are  in  significantly  different 


FIGURE  4.  Schematic  representation  of 
a-bungarotoxin  showing  its  three-looped 
antiparallel  (3-sheet  structure.  The  light 
grey  boxed  residues  are  those  perturbed 
significantly  (A8  >  0.15  ppm)  upon  bind¬ 
ing  the  12mer  (al85-196).  The  circled 
residues  are  those  perturbed  upon  bind¬ 
ing  the  18mer  (al81-198).  Toxin  residues 
perturbed  both  upon  binding  the  12mer 
and  the  18mer  are  shown  as  dark  filled 
boxes. 
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chemical  environments  after  BGTX  binding  to  the  receptor  fragment.  The  conserva¬ 
tion  of  residues  within  the  a-neurotoxin  family  of  proteins  suggests  either  an 
important  structural  or  functional  role  for  these  conserved  residues.  The  observation 
that  several  of  the  conserved  residues  are  in  regions  significantly  perturbed  upon 
binding  the  receptor  peptide  fragments  suggests  that  these  residues  may  indeed  play 
an  important  functional  role  in  receptor  recognition.  Although  the  perturbations  of 
the  BGTX  side  chains  may  be  more  informative  in  terms  of  revealing  direct 
interactions  with  the  receptor  peptide,  in  addition,  a  number  of  large  main-chain 


table  3.  a-Bungarotoxin  Residues  That  Are  Significantly  Perturbed  (A8  >  0.15) 

upon  Binding  of  the  AChR  Peptide  Fragment  al81-198  at  35  °C  and  pH  4.0 


Residue 

Proton 

Free  a-BGTX 
(ppm) 

Complexed  a-BGTX 
(ppm) 

A 

ii 

pH 

1.87 

2.07 

0.20 

4H 

NH 

9.18 

9.44 

0.26 

PH 

2.67 

3.05 

0.38 

5T 

NH 

9.03 

8.87 

0.16 

6T 

aH 

4.73 

4.43 

0.30 

PH 

5.02 

5.32 

0.30 

7A 

aH 

4.32 

4.54 

0.22 

27M 

aH 

6.00 

6.19 

0.19 

28W 

NH 

8.63 

8.19 

0.44 

30D 

NH 

8.35 

9.33 

0.98 

PH 

3.17 

3.44 

0.27 

32F 

NH 

8.27 

8.81 

0.54 

37G 

NH 

7.71 

7.17 

0.54 

aHl 

4.30 

4.70 

0.40 

aH2 

3.92 

3.72 

0.20 

39V 

PH 

0.52 

0.14 

0.38 

yHI 

0.48 

0.25 

0.23 

YH2 

0.58 

0.39 

0.19 

40V 

NH 

8.09 

7.70 

0.39 

aH 

4.78 

4.48 

0.30 

41E 

NH 

9.38 

9.19 

0.19 

S1K 

NH 

8.30 

8.48 

0.18 

57V 

PH 

1.87 

0.87 

1.00 

66N 

8NH2 

7.82 

7.62 

0.20 

NOTE:  Residues  shown  in  bold  and  underlined  are  those  shifted  upon  binding  the  18mer  but 
not  the  12mer. 


perturbations  exist,  most  especially  those  involving  Asp30  NH.  Histograms  compar¬ 
ing  the  shifts  of  free  versus  bound  BGTX  in  12mer  complex  formation  as  well  as 
18mer  complex  formation  of  CotH  residues  are  shown  in  Figures  5  and  6,  respec¬ 
tively.  The  extension  of  the  contact  zone  towards  both  the  N-  and  C-termini  of 
BGTX  is  quite  easily  seen  in  this  analysis,  the  complexity  and  diversity  of  which 
would  be  difficult  to  explain  solely  on  the  basis  of  the  18mer  being  simply  four 
residues  longer  on  the  N-terminus  and  two  residues  longer  on  the  C-terminus  than 
the  12mer.  The  interactions  of  the  18mer  with  the  third  loop  are  perhaps  best 
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FIGURE  5.  Histogram  analysis  of  the  chemical  shift  changes  (as  absolute  values)  between 
a-bungarotoxin  “free”  and  when  bound  to  the  12mer  (al85-196).  The  top  profile  shows  NH 
shifts,  the  middle  one  CaH  shifts,  and  the  bottom  one  CBH  shifts. 
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FIGURE  6.  Histogram  analysis  of  the  chemical  shift  changes  between  a-bungarotoxin  “free” 
and  when  bound  to  the  18mer  (al81-198).  The  top  profile  shows  NH  shifts,  the  middle  one  CaH 
shifts,  and  the  bottom  one  CpH  shifts. 
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illustrated  by  the  highly  significant  1.00  ppm  shift  of  the  C(3H  proton  of  Val57. 
Intermolecular  NOEs  in  this  region,  when  available,  will  be  very  important  in  the 
positioning  of  the  peptide  residues  near  this  region,  especially  the  highly  conserved 
Tyrl98. 

To  refine  the  analysis  of  the  18mer:BGTX  complex,  more  resonances  of  the 
peptide  need  to  be  unambiguously  assigned.  Although  most  of  the  main-chain 
BGTX  resonances  have  been  assigned,  more  than  half  of  the  peptide  resonances,  as 
seen  in  Table  2,  remain  obscured  by  overlap  problems  related  to  the  large  number  of 
proton  resonances  in  a  complex  of  this  size.  A  more  complete  assignment  would 
allow  for  the  identification  of  intermolecular  NOEs  between  BGTX  and  18mer, 
generating  valuable  distance  constraints  for  molecular  dynamics  and  molecular 
modeling  studies  based  on  the  experimentally  derived  parameters.  At  present, 
however,  the  chemical  shift  overlap  in  the  two  dimensions  available  to  us  is 
prohibiting  further  rapid  progress.  It  is  also  unfortunate  that  due  to  solubility 
reasons,  we  are  not  able  to  make  a  2:1  peptide:toxin  complex  that  might  aid  us  in  the 
assignment  of  the  peptide  residues  through  the  use  of  the  ROESY-based  strategy 
that  has  been  so  useful  in  assigning  the  perturbed  BGTX  residues.  Instead,  to 
address  the  assignment  problem,  the  chemical  synthesis  of  a  universally  [15N]labeled 
synthetic  18mer  is  in  progress.  Such  a  labeled  peptide  would  enable  us  to  use 
additional  powerful  heteronuclear  NMR  experiments  to  complete  the  very  difficult 
peptide  assignments.  Because  of  the  limited  supply  of  [15N]amino  acids  and  the 
absence  of  “coupling  ready”  (fully  protected)  [15N]amino  acids,  this  approach  has 
been  slow.  First,  complete  synthetic  protection  schemes  needed  to  be  worked  out  for 
each  individual  amino  acid  in  the  peptide  fragment,  and  then  the  details  of  bench-top 
peptide  coupling  needed  to  be  explored  at  the  scale  determined  in  part  by  the  cost  of 
the  labeled  amino  acids.  The  latter  is  important  in  this  case,  as  the  amount  of  amino 
acids  needed  in  commercial  peptide  synthesizers  are  unreasonable  in  light  of  the  cost 
of  the  [15N]amino  acids.  Nevertheless,  a  [15N]18mer  would  be  extremely  useful  for 
[15N]filtered  NOESY  experiments  that  could  be  used  to  locate  peptide  residues,  as 
well  as  to  define  the  intermolecular  NOEs  between  the  toxin  and  the  receptor 
fragment. 

To  circumvent  the  problems  surrounding  the  preparation  of  [15N]labeled  syn¬ 
thetic  peptides  and  to  provide  further  insights  into  the  full  extent  of  the  contact  zone 
between  receptor  and  BGTX,  we  designed  synthetic  genes  encoding  several  longer 
fragments  (46  to  62  residues  in  length)  from  within  the  N-terminal  portion  of  the 
a-subunit  of  the  nAChR.  The  synthetic  gene  constructs  are  expressed  in  E.  coli,  and 
the  conditions  required  for  metabolic  labeling  of  the  expressed  protein  with  rela¬ 
tively  inexpensive  [15N]NH4C1  have  also  been  established.19  Upon  final  purification 
of  the  labeled  recombinant  protein  fragments,  we  should  be  able  to  perform 
three-dimensional  heteronuclear  NMR  experiments  both  in  the  presence  and  ab¬ 
sence  of  BGTX.  Such  studies  should  greatly  enhance  our  structural  knowledge  of  the 
receptor  in  the  vicinity  of  the  ligand  binding  site.  If  the  region  to  be  studied  is 
carefully  chosen,  a  further  advantage  to  working  with  longer  receptor  fragments  is 
that  longer  sequences  may  encode  enough  protein  folding  information  to  begin  to 
form  autonomously  folding  structural  elements  or  subdomains.  It  is  widely  recog¬ 
nized  that  small  peptides  ( <  about  25  residues)  have  little  structure  of  their  own, 
unless  they  are  forming  a  distinct  folding  domain  (i.e.,  a  zinc  finger)  of  a  protein.  The 
longer  receptor  fragments  that  we  are  now  exploring  should  be  more  likely  to  fold 
into  structures  characteristic  of  those  assumed  by  these  regions  in  the  native 
receptor.  Assuming  that  the  longer  fragments  remain  soluble  enough  for  the  NMR 
investigations,  we  may  therefore  be  in  a  good  position  to  compare  the  structures  of 
the  receptor  fragment  both  free  in  solution  and  when  bound  to  BGTX  or  agonists. 
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We  anticipate  that  the  region  we  have  chosen  to  concentrate  our  attentions  on 
(al43-204)  will  likely  form  a  distinct  folding  domain,  based  on  the  common  exon 
organization  in  the  native  gene  encoding  the  a-subunit  in  all  species  examined  to 
date.  One  of  the  constructs  that  we  are  studying  contains  the  62-amino  acid 
sequence,  (al43-204),  joined  to  the  C-terminus  region  of  a  bacteriophage  coat 
protein  (T7  gene  9  protein).  This  fusion  protein  can  be  overexpressed  in  E.  coli 
without  the  production  of  insoluble  inclusion  bodies.  Preliminary  BGTX  binding 
studies  of  this  fusion  protein  show  that  it  binds  BGTX  with  an  affinity  that  is  less  than 
twofold  reduced  from  that  of  intact  membranes  obtained  from  the  electric  organ  of 
Torpedo  califomica.  It  appears,  therefore,  that  nearly  all  of  the  BGTX  recognition 
determinants  of  the  native  receptor  can  be  found  within  this  62-residue  region  of  the 
a-subunit. 

Our  NMR-based  analysis  of  the  BGTX/receptor  peptide  fragment  contact  zone 
has  served  to  target  residues  on  BGTX  for  site-directed  mutagenesis  in  order  to 
determine  whether  the  affinity  and  possibly  the  specificity  for  the  nAChR  could  be 
genetically  manipulated.  In  a  genetically  engineered  system  similar  to  that  being 
used  for  the  overexpression  of  our  receptor  fragments,  we  also  constructed  a  gene  for 
BGTX  which  allows  for  the  expression  of  wild-type  and  site-directed  mutants  of 
BGTX.20  We  began  mutational  analysis  with  an  Ala  scanning  approach,  and  binding 
studies  of  the  Asp30Ala  mutant  toxin  have  already  been  completed.  Additional 
mutations  involving  Arg36Ala  and  Trp28Ala  substitutions  are  currently  being  ana¬ 
lyzed  as  well  as  the  Asp30Ala-Arg36Ala  double  mutation.  As  the  Asp30Ala  mutant 
BGTX  appears  to  bind  native  nAChR  with  normal  affinity,  it  appears  that  the 
carboxylate  side  chain  of  Asp30  is  not  essential  for  receptor  recognition.20  It  is 
unlikely  therefore  that  the  basis  for  receptor  specificity  resides  in  a  role  for  Asp30  as 
a  key  component  of  an  acetylcholine  mimetic  binding  site  on  BGTX.  We  believe  that 
the  NMR  structural  analysis,  together  with  the  functional  binding  analysis  of 
mutants  constructed  by  site-directed  mutagenesis,  will  continue  to  be  a  powerful 
combination  of  tools  in  elucidating  the  roles  of  individual  residues  in  both  structure 
and  function  of  the  nAChR  and  of  the  a-neurotoxin  family  of  proteins. 
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Presynaptic  regulation  of  neurotransmitter  release  in  the  brain  influences  the 
amount  of  neurotransmitter  released.  This  may  or  may  not  depend  on  nerve  activity, 
and  can  be  modulated  by  other  factors  that  influence  the  membrane  potential  of  the 
nerve  ending.  The  neurotransmitter  itself  can  inhibit  its  own  release  by  acting  on 
presynaptic  autoreceptors.  Other  transmitters  can  also  act  presynaptically  to  modu¬ 
late  transmitter  outflow.  The  complexity  and  diversity  of  such  modulatory  mecha¬ 
nisms  of  release  have  received  much  attention.  We  were  particularly  interested  in 
receptor-receptor  interactions  influenced  by  participation  of  nicotine  in  the  central 
actions  of  nicotine  involving  presynaptic  effects. 

The  mechanisms  of  these  receptor-receptor  interactions  have  been  discussed 
recently.  In  receptor  heteroregulation,  neurotransmitters  or  neuromodulators,  by 
binding  to  receptors  on  the  neuronal  membrane,  may  be  able  to  regulate  the 
characteristics  and  function  of  the  recognition  sites  of  another  transmitter  or 
modulator  receptor.  Whereas  autoreceptor  mechanisms  regulate  the  sensitivity  of  a 
receptor  and  are  modulated  by  the  levels  of  its  ligand  through  positive  or  negative 
feedback  loops,  heteroreceptor  mechanisms  include  direct  or  indirect  interactions 
between  different  receptors  and  transmitters,  involving  the  plasma  membrane, 
intracytoplasmatic  loops,  or  interactions  at  the  nuclear  level.1 

The  mechanism  of  action  of  nicotine  could  be  elucidated  by  the  understanding  of 
these  different  receptor— receptor  and  receptor— transmitter  interactions. 


NICOTINIC-CHOLINERGIC-DOPAMINERGIC  INTERACTION S 

Our  interest  in  studying  the  effect  of  nicotine  on  cerebral  neurotransmitter 
systems  was  stimulated  by  a  number  of  studies  reporting  that  the  incidence  of 
smoking  is  lower  in  patients  with  Parkinson’s  disease,  and  that  the  lower  rate  of 
smoking  may  predate  neurological  symptoms.2  A  number  of  possible  explanations 
exist  including,  for  example,  that  nicotine  affects  dopaminergic  cells.  While  examin¬ 
ing  nicotine-induced  rotation  after  nigral  lesions,3  we  found  a  dopamine-like  action 
of  nicotine,  which  indicated  enhancement  of  activity  in  the  intact  nigrostriatal 
system,  without  any  sign  of  tolerance  after  repeated  nicotine  administration.  The 
nicotine  antagonist  mecamylamine  blocked  the  induced  rotation.  There  was  no 
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evidence  of  a  change  in  dopamine  metabolism  after  an  acute  challenge  with  nicotine 
or  of  a  sustained  change  after  repeated  injection,  although  a  modification  of 
dopaminergic  response  to  nicotine  could  not  be  excluded.  Stimulation  of  nigrostria- 
tal  dopamine  neurons  by  nicotine  had  been  shown  previously.4  The  nucleus  accum- 
bens  seems  to  be  a  major  site  of  nicotine  action  in  the  brain.  After  chronic  nicotine 
treatment  (6  weeks),  the  Kj  and  the  Bmax  for  domperidone  in  the  accumbens 
increased  severalfold  with  no  changes  observed  in  the  caudate  putamen  or  the 
frontal  cortex.  Such  effects  may  influence  preparkinsonian  persons  in  regard  to 
smoking.5  The  fairly  specific  effects  in  the  accumbens  suggest  that  the  dopamine 
receptors  in  this  structure  differ  from  those  in  other  areas.  Pharmacological  differ¬ 
ences  between  the  nigrostriatal  and  mesolimbic  dopaminergic  systems  have  been 
observed  before.6  After  an  acute  dose  of  nicotine,  we  observed  increased  dopamine 
turnover  in  the  accumbens;7  changes  in  a  number  of  other  areas  examined  were 
minor.  These  results  further  indicated  that  the  accumbens  is  an  important  site  of 
nicotine  action.  Although  nicotine  receptors  were  shown  to  be  located  on  norepineph¬ 
rine  and  serotonin  terminals  as  well,8  little  effect  of  nicotine  on  these  neurotransmit¬ 
ters  was  observed  in  the  accumbens;7  however,  changes  in  the  cerebral  levels  of 
catecholamines  and  serotonin  were  observed  after  acute  or  chronic  nicotine  adminis¬ 
tration.9  At  high  levels  in  vitro  nicotine  inhibited  vesicular  dopamine  uptake,10  an 
effect  that  may  not  occur  under  conditions  of  tobacco  smoking.  Nicotine  effects  on 
vesicular  function  may  play  a  part  in  the  effects  on  transmitter  release. 

Inasmuch  as  acetylcholine  release  in  the  striatum  is  inhibited  by  endogenous 
dopamine,  nicotinic  effects  on  the  cholinergic  system  may  be  modulated  by  dopamin¬ 
ergic-nicotine  effects.  We  found  evidence  for  the  presence  of  nicotinic  receptors  on 
striatal  cholinergic  interneurons.  Nicotine  increased  acetylcholine  release  in  striatal 
slices  only  after  dopaminergic  lesions;11  in  the  control  animals  the  nicotine-induced 
increased  dopamine  release  probably  inhibited  the  stimulation  of  acetylcholine 
release,  because  the  release  of  acetylcholine  is  tonically  inhibited  by  the  endogenous 
dopamine.  These  findings  indicate  the  existence  of  nicotinic  receptors  on  striatal 
cholinergic  interneurons,  probably  on  the  somatodendritic  part.  With  electrically 
stimulated  striatal  slices,  the  effect  of  nicotine  in  releasing  dopamine  involved  the 
participation  of  N-type  calcium  channels;12  nicotine  receptor-operated  ion  channels 
permeable  to  calcium  and  N-type  voltage-sensitive  Ca2+  channels  may  act  additively 
to  increase  intracellular  free  Ca2+  levels.  Thus,  nicotine  effects  include  those  on  the 
level  of  intracellular  calcium.  Increases  in  intracellular  calcium  by  nicotine  in  cortical 
neuronal  cultures  have  been  reported.13 


EFFECTS  OF  CHRONIC  NICOTINE  ADMINISTRATION 

Because  smoking  exposes  the  nervous  system  to  nicotine  intermittently  over  a 
long  period  of  time,  chronic  nicotine  effects  are  of  special  interest.  The  increase  in  K<j 
and  Bmax  of  dopaminergic  binding  after  nicotine  has  already  been  mentioned.5 
Chronic  nicotine  was  reported  to  have  a  protective  effect  on  dopamine  cells  in  the 
substantia  nigra  after  partial  hemitransection.14  We  found  that  after  an  MPTP  lesion 
nicotine  had  no  effect  on  the  lesion  or  on  the  rate  of  terminal  recovery,  as  measured 
by  the  rate  of  recovery  of  striatal  dopamine.  This  finding  confirmed  the  report  that 
exposure  to  cigarette  smoke  does  not  decrease  the  toxicity  of  MPTP.1516  In  testing 
ligand  binding  at  dopamine  D!  and  D?  receptors,  MPTP  was  shown  to  increase 
binding  at  the  D2  site,  and  nicotine  to  increase  binding  at  the  Dj  site.  The  two  effects 
were  independent:  nicotine  did  not  influence  MPTP  effects,  and  MPTP  did  not  alter 
nicotine  effects.  The  fact  that  nicotine  alters  the  ratio  of  Di  to  D2  receptor  binding 
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activities  is  of  interest  because  such  ratio  changes  may  play  a  role  in  the  therapeutic 

effects  of  neuroleptics.17  . 

Nicotine  was  shown  to  increase  dopamine  release  in  striatal  slices  of  both 
untreated  and  chronic  nicotine-treated  mice.  Dopamine  metabolism  was  not  af¬ 
fected.  The  higher  rate  of  efflux  of  dopamine  in  response  to  electrical  stimulation  in 
the  striatum  of  nicotine-pretreated  animals  suggests  that  chronic  nicotine  may  affect 
the  mechanism  of  transmitter  release  in  dopaminergic  nerve  terminals.  Dopamine 
agonists  inhibited  and  antagonists  enhanced  the  release — effects  that  were  abolished 
in  chronic  nicotine-treated  animals.  The  findings  were  interpreted  to  mean  that 
increased  release  of  dopamine  by  nicotine  leads  to  dopamine  D2  autoreceptor 
subsensitivity,  with  nicotine  possibly  attenuating  autoinhibition  of  dopaminergic 
neurotransmission  in  the  striatum.18  Although  it  is  generally  accepted  that  nicotine 
increases  dopamine  release  by  stimulating  specific  receptors  on  striatal  dopaminer¬ 
gic  nerve  terminals,  the  identification  of  the  subcellular  dopamine  pools  involved  in 
its  action  is  controversial.  Presynaptic  autoreceptors  respond  to  increased  dopamine 
release  with  a  reduced  sensitivity.  As  a  result  of  this  impaired  autoregulation  of 
transmitter  release,  electrical  stimulation  induces  higher  dopamine  efflux  from 
striatum  exposed  to  repeated  nicotine.  Such  changes  also  result  in  altered  behavioral 
responses,  as  evidenced  by  an  attenuation  of  apomorphine-induced  hypomotility  in 
chronic  nicotine-treated  mice.10  The  resulting  decrease  in  autoreceptor  stimulation 
after  chronic  nicotine  would  reduce  the  response  of  D2-autoreceptor  agonists  to 
decrease  dopamine  release,  showing  that  both  acute  and  chronic  nicotine  administra¬ 
tion  can  induce  changes  in  the  dopaminergic  system. 


NICOTINE  EFFECTS  ON  OTHER  RECEPTORS 

When  nicotine  was  administered  intracerebrally  in  specific  regions  via  microdialy¬ 
sis,  the  release  of  other  neurotransmitters  in  addition  to  that  of  dopamine  could  be 
observed.  Extracellular  levels  of  serotonin  increased  in  the  cingulate  and  frontal 
cortex,  and  norepinephrine  increased  in  the  substantia  nigra,  cingulate  cortex,  and 
pontine  nucleus.20  The  effect  of  nicotine  on  dopamine  release  was  inhibited  by 
cholinergic,  dopaminergic,  and  also  glutamatergic  antagonists,  indicating  that  glu¬ 
tamic  acid  release  participates  in  nicotine-induced  dopamine  release.20  The  extracel¬ 
lular  levels  of  some  other  amino  acids  such  as  glycine  and  taurine  were  also 
increased.  The  levels  of  some  nonneurotransmitter  amino  acids  were  increased  as 
well,  indicating  that  cell  permeability  or  amino  acid  transport  processes  are  also 
affected  by  high  local  nicotine  concentrations.  Thus,  cholinergic,  catecholaminergic, 
glutamatergic,  and  membrane  effects  of  nicotine  could  be  shown.21  The  effects  of 
nicotine  in  the  brain  are  mediated  by  several  receptor  systems,  and  nonreceptor 
effects  are  also  involved;  nicotine  effects  show  significant  regional  heterogeneity. 

Neuropeptides  may  have  a  role  in  the  complex  effects  of  nicotine.  A  significant 
reduction  of  substance  P  was  observed  after  a  single  dose  of  nicotine,  primarily  in 
areas  in  which  nicotine  acts;  this  effect  may  be  mediated  by  dopamine-induced 
release  of  substance  P.  Nicotinic  antagonists  abolish  this  effect.22  The  rapid  and  large 
changes  in  the  level  of  substance  P  caused  by  nicotine  indicate  a  significant  role  for 
this  peptide  in  nicotine  effects  in  the  brain. 


HETEROGENEITY  OF  NICOTINIC  RECEPTORS 

One  aspect  of  the  complexity  of  the  effect  of  nicotine  in  the  nervous  system  is  that 
it  affects  several  neurotransmitter  systems— some  directly,  through  nicotinic  sites  on 
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different  cells,  such  as  cholinergic,  glutamatergic,  etc.  The  released  neurotransmit¬ 
ters  such  as  glutamate  may  in  turn  modulate  other  transmitter  systems,  representing 
the  indirect  effects  of  nicotine. 

An  additional  complexity  is  represented  by  the  heterogeneity  of  the  nicotinic 
binding  sites.  The  regional  heterogeneity  of  nicotine  effects  already  indicates  a 
heterogeneous  distribution  of  nicotinic  binding  sites.  The  pharmacological  heteroge¬ 
neity  of  nicotinic  sites  is  shown,  for  example,  by  the  differences  between  the 
postsynaptic  somatodendritic  and  neuromuscular  sites.23  It  is  possible  that  presynap- 
tic  and  postsynaptic  nicotinic  sites  also  show  differences,  including  different  pharma¬ 
cological  properties.  In  turn,  the  pools  of  acetylcholine  released  by  nicotine  may 
come  from  several  distinct  transmitter  pools  or  compartments.24 


NICOTINE-INDUCED  DOPAMINE  AND  NOREPINEPHRINE  RELEASE 

The  effect  of  nicotine  on  dopamine  release  is  well  established  and  has  been 
shown  in  the  brain  both  in  vivo3’7’18  and  in  vitro;  for  example,  in  synaptosomal25  and  in 
brain  slice26  preparations.  The  effect  of  nicotine  on  norepinephrine  release  is  less 
clearly  established.  Early  studies  examining  nicotine  effects  on  sympathetic  axons  in 
brain  vessels27  and  in  rat  heart28  did  not  find  any  release  of  norepinephrine;  such 
release  could  be  detected  in  peripheral  nerve  fibers.29  In  guinea-pig  vas  deferens 
nicotine  enhanced  resting  and  stimulation-evoked  release  of  norepinephrine  in 
acute  but  not  in  chronic  experiments,  thus  indicating  the  presence  of  inhibitory 
muscarinic  and  facilitatory  nicotinic  receptors  on  noradrenergic  axon  terminals.30 
The  findings  suggest  that  nicotinic  receptors  located  on  noradrenergic  axon  termi¬ 
nals  are  different  from  those  located  postsynaptically  in  striated  muscle  or  ganglia, 
but  are  similar  to  those  at  cholinergic  axon  terminals  at  the  neuromuscular  junction. 


EFFECT  OF  NICOTINE  ON  GLUTAMATE  RELEASE 

Many  of  the  striatal  neurons  of  cortical  origin  are  glutamatergic.  When  in  vivo 
nicotine  was  infused  via  microdialysis  into  the  striatum  of  rats,  the  level  of  glutamate 
in  the  dialysate  increased  more  than  fourfold,  indicating  a  release  of  glutamate  into 
the  extracellular  fluid.20  Kynurenic  acid,  a  glutamic  acid  receptor  antagonist,  inhib¬ 
ited  this  release.  Kynurenic  acid  also  inhibited  the  nicotine-induced  release  of 
dopamine  in  the  striatum.  The  fact  that  kynurenic  acid  completely  blocked  the 
nicotine-induced  dopamine  release  indicates  that  nicotine  does  not  act  directly  on 
dopamine  release,  but  indirectly  through  glutamate  release.  Indeed,  nicotine  signifi¬ 
cantly  increases  the  extracellular  levels  of  glutamate  in  a  calcium-dependent  manner, 
as  measured  with  microdialysis  in  the  striatum;21  muscarinic  antagonists  blocked  the 
effect.  We  interpreted  this  finding  to  mean  that  at  least  in  part  the  dopamine¬ 
releasing  activity  of  nicotine  is  mediated  through  its  effect  on  the  glutamatergic 
system.20  Nicotine  administered  intracerebrally  via  microdialysis  increased  the  extra¬ 
cellular  levels  of  aspartic  acid  as  well.  Dopaminergic  or  nicotinic  antagonists  did  not 
affect  the  changes  in  amino  acid  levels,  but  muscarinic  antagonists  were  inhibitory. 
This  finding  indicates  that  muscarinic  cholinergic  receptors  also  participate  in  the 
action  of  nicotine  in  the  nervous  system. 

The  interaction  between  glutamatergic  and  dopamine  neurons  is  also  reciprocal; 
in  particular,  dopamine  receptors  are  located  on  striatal  afferent  fibers  of  cortical 
origin  and  dopamine  agonists  can  inhibit  the  release  of  glutamate.31  Such  interac¬ 
tions  would  be  regionally  heterogeneous. 
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Adding  to  the  complexity  of  the  regulation  of  dopamine  release,  the  presence  of 
glutamate  receptors  on  nondopamine  neurons  has  been  reported.32  The  nondopa¬ 
mine  neurons  mediating  the  effect  of  glutamate  could  be  GABAergic  interneurons. 
Glutamate  appears  to  exert  an  inhibitory  presynaptic  control  on  dopamine  release, 
indirectly  mediated  in  part  by  GABAergic  neurons,  whereas  glutamatergic  neurons 
seem  to  have  a  facilitatory  presynaptic  influence  on  dopamine  release.  Thus, 
corticostriatal  glutamatergic  fibers  have  direct  stimulatory  and  indirect  inhibitory 
presynaptic  effects  on  dopamine  release.32  A  scheme  of  these  receptor— receptor 
actions  is  given  in  Figure  1. 


Corticostriatal  Pathway 


Nic  -  GABA  + 

GABA  -  DA  -  /  + 

ACh -  GABA  + 

Glu  -  GABA  + 

GABA -ACh  - 
Nic -GABA  +/- 

FIGURE  1.  Schematic  representation  of  nicotine-glutamatergic-dopaminergic  presynaptic 
interactions. 


INTERACTION  OF  RECEPTORS  AT  THE  NUCLEAR  LEVEL 

Although  not  in  the  scope  of  this  paper,  interactions  between  receptors  can  also 
occur  at  the  nuclear  level  because  activation  of  one  receptor  coupled  to  adenylate 
cyclase  can  activate  protein  kinases,  which  in  turn  control  the  transcriptional  activity 
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of  the  gene  for  another  receptor.1  Nicotine  may  have  direct  effects  on  intracellular 
events  involved  in  protein  metabolism,33  selectively  affecting  the  metabolism  of 
specific  proteins  only.  The  levels  of  some  proteins  were  increased  and  others 
decreased.  Thus,  synthesis  and  breakdown  are  selectively  affected.  This  reaction  may 
involve  effects  at  nuclear  levels.  Similar  nuclear  effects  of  nicotine  are  represented  by 
the  stimulation  by  nicotine  of  the  expression  of  c-fos  nuclear  proteins,  as  early 
markers  of  neuronal  activation.34 
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Nicotine  has  been  found  to  improve  memory  performance  in  a  variety  of  studies  (for 
review  see  ref.  1).  Although  this  effect  is  not  universally  seen,  studies  have  found 
nicotine  to  improve  memory  function  in  rats,  monkeys,  and  humans.  Improvements 
have  been  found  in  normal  adults,  but  also  in  aged  subjects  and  those  with  brain 
lesions.  The  neural  bases  for  this  effect  is  an  active  topic  of  study.  Nicotine  effects 
may  critically  involve  interactions  with  other  transmitter  systems.  We  found  impor¬ 
tant  interactions  of  nicotinic  systems  with  dopaminergic  systems  with  regard  to 
working  memory  performance  in  the  radial-arm  maze  (RAM). 

Nicotine  has  been  found  to  promote  the  release  of  a  wide  variety  of  transmitters 
including  dopamine  (DA).2  Nicotinic  receptors  are  well  represented  in  the  midbrain 
dopamine  nuclei,  the  substantia  nigra  (SN)  and  ventral  tegmental  area  (VTA).3-5 
Acute  nicotine  administration  increases  the  activity  of  DA  cells  in  the  substantia 
nigra  and  ventral  tegmental  area  and  promotes  DA  release  in  the  striatum,6-11 
whereas  nicotinic  antagonist  administration  has  been  found  to  inhibit  DA  release 
from  both  striatal  and  mesolimbic  structures.1213  However,  with  chronic  administra¬ 
tion  nicotine-induced  DA  release  becomes  diminished.14  There  may  even  be  some 
reversal  of  the  effect,  given  that  chronic  nicotine  administration  has  been  found  to 
increase  DA  receptor  binding  in  the  nucleus  accumbens.15  Nicotinic-DA  interactions 
have  been  found  in  a  variety  of  neurobehavioral  studies.16  The  evidence  from  our 
laboratory  concerning  the  importance  of  nicotine  interactions  with  DA  systems  with 
regard  to  working  memory  function  is  the  focus  of  this  paper.  Differences  in 
nicotinic-DA  relationships  with  acute  and  chronic  nicotine  treatment  are  discussed. 


ACUTE  MECAMYLAMINE  STUDIES 

The  nicotinic  antagonist  mecamylamine  has  significant  interactions  with  both 
dopaminergic  agonists  and  antagonists  with  regard  to  working  memory  performance 
in  the  radial-arm  maze.  In  six  different  studies  we  found  that  a  high  dose  of  10  mg/kg 
of  mecamylamine  significantly  impairs  choice  accuracy  in  the  win-shift  version  of  the 
radial-arm  maze  test.17-22  This  mecamylamine-induced  deficit  is  reversed  by  the 
D2/D3  DA  agonist  quinpirole  (Fig.  1),  but  not  by  a  Di  agonist  SKF  38393.18  A  lower 
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FIGURE  1.  Reversal  of  the  mecamylamine-induced  radial-arm  maze  choice  accuracy  impair¬ 
ment  with  the  D2/D3  agonist  quinpirole  (mean  ±  SEM).  Mec  =  10  mg/kg  mecamylamine, 
SKF  =  3  mg/kg  SKF  38393,  Quin  =  0.05  mg/kg  quinpirole  (LY  171555).  *p  <  0.05  Mec  versus 
Mec  +  Quin.18 


dose  of  2.5  mg/kg  of  mecamylamine  does  not  by  itself  cause  a  deficit  in  radial-arm 
maze  choice  accuracy,  but  it  does  cause  a  significant  choice  accuracy  deficit  when 
given  in  conjunction  with  a  low  dose  of  the  muscarinic  antagonist  scopolamine  (0.05 
mg/kg),  which  by  itself  does  not  cause  a  significant  choice  accuracy  deficit.59-20  This 
combined  mecamylamine-scopolamine-induced  deficit  is  also  reversed  by  the  D2/D3 
agonist  quinpirole.20 

The  opposite  relationship  is  seen  between  mecamylamine  and  DA  antagonists.  A 
significant  deficit  can  be  elicited  by  a  combination  of  the  subthreshold  dose  of 
mecamylamine  (2.5  mg/kg)  and  the  mixed  D,/D2  antagonist  haloperidol.22  The 
specific  D2  antagonist  raclopride  has  the  same  effect  of  potentiating  the  mecamyl¬ 
amine-induced  deficit,  whereas  addition  of  the  Di  antagonist  SCH  23390  to  this  dose 
of  mecamylamine  has  no  significant  effect.23  Thus,  D2  receptors  appear  to  have  a 
consistent  interaction  with  the  nicotinic  antagonist  mecamylamine,  with  an  agonist 
reversing  the  mecamylamine-induced  memory  deficit  and  an  antagonist  potentiating 
it.  In  contrast,  Di  receptors  appear  to  have  little  interactive  effect  with  mecamyl¬ 
amine. 


ACUTE  NICOTINE  STUDIES 

In  several  studies,  we  found  that  acute  administration  of  0.2  mg/kg  of  nicotine 
significantly  improves  working  memory  performance  in  the  radial-arm  maze.24--6 
This  acute  nicotine-induced  improvement  in  choice  accuracy  is  reversed  by  concur¬ 
rent  acute  administration  of  the  nicotinic  antagonist  mecamylamine  or  the  musca¬ 
rinic  antagonist  scopolamine.25  The  acute  nicotine  effect  is  not  as  robust  as  the 
chronic  nicotine  effect.  In  some  experiments  significant  improvements  were  not  seen 
with  the  0.2  mg/kg  dose  when  given  alone.  However,  when  the  positive  effects  of 
acute  nicotine  are  less  obvious,  they  can  be  made  more  apparent  by  co-administra- 
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tion  of  dopaminergic  agonists.  The  D]/D2  agonist  pergolide27  and  the  D2/D3  agonist 
quinpirole26  (Fig.  2)  both  have  mutually  potentiating  effects  when  given  together 
with  acute  doses  of  0.2  mg/kg  of  nicotine.  Interestingly,  we  recently  found  that  this 
dose  of  nicotine  is  effective  in  attenuating  a  choice  accuracy  deficit  elicited  by  the  Di 
agonist  SKF  38393.26  Thus,  like  the  nicotinic  antagonist  mecamylamine,  nicotine  has 
significant  interactions  with  dopaminergic  drugs.  The  receptor  subtype  breakdown  is 
not  as  clear  with  nicotine  as  it  is  with  mecamylamine.  As  expected,  nicotine  had  a 
mutually  potentiating  effect  with  quinpirole,  which  effectively  reversed  the  mecamyl- 
amine-induced  deficit.  However,  a  significant  interaction  of  nicotine  with  the  Dj 
agonist  SKF  38393  was  also  found,  which  did  not  have  a  significant  interaction  with 
mecamylamine. 


ACUTE  LOCAL  INFUSION  STUDIES 

Recently  we  began  a  series  of  studies  of  the  effects  of  nicotinic  drugs  infused  into 
the  ventricles  and  local  brain  regions  which  are  the  sources  or  targets  of  DA  systems. 
Intracerebroventricular  (i.c.v.)  infusion  of  nicotine  significantly  improved  choice 
accuracy  performance  in  rats  with  little  training  on  the  radial-arm  maze.  In  rats 
trained  to  high  levels  of  performance  no  such  improvement  was  detected.  However, 
in  this  set  of  rats  nicotine  was  effective  in.  reversing  the  impairment  in  performance 
caused  by  i.c.v.  infusion  of  the  nicotinic  antagonist  mecamylamine.28 

Our  initial  study29  examined  the  effects  of  local  infusions  of  nicotinic  agonist  and 
antagonist  drugs  into  the  SN  and  VTA.  Mecamylamine  infused  into  either  the  SN  or 


□  Control 
H  Nicotine 


FIGURE  2.  Additive  effects  of  nicotine-induced  radial-arm  maze  choice  accuracy  improve¬ 
ment  with  the  effect  of  the  D7/D3  agonist  quinpirole  and  attenuation  of  the  deficit  caused  by  the 
D,  agonist  SKF  38393  (mean  ±  SEM).26 
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□  Substantia  Nigra 
U  Ventral  Tegmental  Area 


FIGURE  3.  Local  infusion  of  nicotine  and  mecamylamine  into  the  substantia  nigra  and  ventral 
tegmental  area:  Effects  on  choice  accuracy  in  the  radial-arm  maze  (mean  ±  SEM).  *p  <  0.025 
versus  vehicle  and  Nic  +  Mec.29 


VTA  significantly  impaired  choice  accuracy  in  the  radial-arm  maze.  Interestingly, 
both  nicotine  and  the  nicotinic  agonist  cytisine  also  showed  signs  of  impairing  choice 
accuracy.  This  may  have  been  due  to  the  local  high  concentrations  causing  desensiti¬ 
zation,  depolarization  blockade  or  excessive  stimulation  of  the  nicotinic  receptors  in 
these  areas.  The  results  of  the  combination  nicotine-mecamylamine  experiment 
suggest  that  this  may  be  true.  Mecamylamine  was  effective  in  significantly  reducing 
the  nicotine-induced  deficit  (Fig.  3).  In  this  same  study  we  did  not  find  any  evidence 
of  effects  of  local  infusions  of  the  muscarinic  antagonist  scopolamine  or  the  musca¬ 
rinic  agonist  pilocarpine. 


CHRONIC  SYSTEMIC  STUDIES 

We  conducted  seven  different  experiments  examining  the  effect  of  chronic 
subcutaneous  infusion  of  nicotine  (approximately  12  mg/kg/day)  via  a  glass  and 
Silastic  pellet  or  an  osmotic  minipump.  We  consistently  found  that  chronic  nicotine 
administration  significantly  improves  memory  performance  in  the  radial-arm  maze 
(Fig.  4).2U0-33  This  effect  is  reversed  by  concurrent  administration  of  chronic 
mecamylamine.32  Acute  challenge  with  mecamylamine  during  the  course  of  chronic 
nicotine  causes  an  overall  decline  in  choice  accuracy  in  control  and  nicotine  groups, 
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but  the  enhanced  performance  of  the  nicotine  group  relative  to  controls  is  pre¬ 
served.21  In  contrast,  we  found  that  acute  administration  with  the  muscarinic 
acetylcholine  antagonist  scopolamine  eliminated  the  chronic  nicotine-induced  im¬ 
provement  in  choice  accuracy. 

We  have  not  found  concurrent  manipulations  of  D2  DA  receptors  to  affect 
significantly  the  chronic  nicotine-induced  improvement  in  choice  accuracy.  Chronic 
concurrent  administration  of  either  the  D2  agonist  quinpirole  or  the  D2  antagonist 
raclopride  had  no  discernible  effect  on  the  chronic  nicotine -induced  improvement  of 
choice  accuracy.  Acute  challenge  with  a  range  of  doses  of  quinpirole  likewise  had  no 
significant  effect  on  the  chronic  nicotine-induced  improvement  in  radial-arm  maze 
choice  accuracy.  This  stands  in  contrast  to  the  significant  interactions  we  saw 
between  acute  nicotine  and  quinpirole,26  as  well  as  the  significant  interactions 
between  acute  mecamylamine  and  both  quinpirole  and  raclopride.18-23 


LESION  STUDIES 

Chronic  nicotine  administration  is  effective  in  reversing  the  radial-arm  maze 
working  memory  impairments  caused  by  knife-cut  lesions  of  the  medial  basalocorti- 
cal  projection  or  the  fimbria-fornix,  which  connects  the  septum  with  the  hippocam¬ 
pus.  This  points  to  the  possible  therapeutic  use  of  chronic  nicotine,  but  it  also  gives 
important  information  concerning  the  critical  neural  substrates  for  the  chronic 
nicotine-induced  improvement.  Apparently,  neither  of  these  pathways  is  necessary 
for  the  chronic  nicotine  effects  inasmuch  as  the  effect  was  still  seen  in  the  lesioned 
rats.  It  may  be  the  case  that  at  least  one  of  the  lesioned  pathways  must  be  intact  for 
the  chronic  nicotine-induced  memory  improvement  or,  alternatively,  other  pathways 


Week 

FIGURE  4.  Effects  of  chronic  nicotine  administration  (SC  infusions  of  approximately  12 
mg/kg/day)  on  choice  accuracy  in  the  radial-arm  maze,  averaged  over  seven  experiments 
(mean  ±  SEM).  During  administration  of  nicotine:  Control  n  =  60,  nicotine  n  =  63;  after 
withdrawal:  Controls  =  51,  nicotine  n  =  54.  *p  <  0.01,  **p  <  0.001  control  versus  nicotine. 
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may  subserve  the  nicotine  effect.  Interestingly,  similar  to  the  therapeutic  effect  of 
chronic  nicotine,  repeated  doses  of  quinpirole  also  are  effective  in  attenuating  the 
radial-arm  maze  working  memory  deficit  caused  by  knife-cut  lesions  of  the  medial 
basalocortical  projection.34  However,  simple  similarity  of  effect  does  not  imply 
common  mechanisms  of  action. 


CONCLUSIONS 

Nicotinic  systems  have  direct  interactions  with  dopaminergic  systems  which  are 
important  for  the  acute  effects  of  nicotinic  agonist  and  antagonist  manipulations.  D2 
receptors  seem  to  be  particularly  important  in  this  regard.  In  contrast,  chronic 
nicotine-induced  working  memory  improvement  in  the  radial-arm  maze  seems  to  be 
relatively  impervious  to  concurrent  D2  agonist  or  antagonist  manipulations.  The 
improvement  is  still  seen  after  lesions  to  the  basalocortical  or  septohippocampal 
pathways.  Chronic  mecamylamine  co-administration  does  prevent  the  nicotine- 
induced  improvement,  but  acute  mecamylamine  challenge  does  not  reverse  it.  The 
only  other  manipulation  we  found  to  reverse  the  chronic  nicotine-induced  memory 
improvement  is  acute  challenge  with  the  muscarinic  antagonist  scopolamine.  Nico¬ 
tinic  stimulation  is  necessary  for  the  induction  of  the  effect  but  not  for  the  expression 
of  it.  In  contrast,  muscarinic  stimulation  may  be  necessary  for  the  expression  of  the 
chronic  nicotine-induced  memory  improvement. 

Both  acute  and  chronic  nicotine  administration  improve  memory  performance  in 
the  win-shift  working  memory  radial-arm  maze  task.  The  involvement  of  interactions 
with  dopaminergic  systems  seems  to  be  different  for  each. 


SUMMARY 

Nicotine  has  been  found  to  improve  memory  performance  in  a  variety  of  tests  in 
rats,  monkeys,  and  humans.  Interactions  of  nicotinic  systems  with  dopamine  (DA) 
systems  may  be  important  for  this  effect.  We  conducted  a  series  of  studies  of  nicotinic 
agonist  and  antagonist  interactions  with  DA  systems  using  rats  in  a  win-shift  working 
memory  task  in  the  radial-arm  maze.  The  working  memory  deficit  caused  by  the 
nicotinic  antagonist  mecamylamine  was  potentiated  by  the  Dt/D2  DA  antagonist 
haloperidol  and  the  specific  D2  antagonist  raclopride.  In  contrast,  the  mecamylamine- 
induced  deficit  was  reversed  by  co-administration  of  the  D2/D3  agonist  quinpirole. 
Nicotine  also  has  significant  interactions  with  dopamine  drugs  with  regard  to 
working  memory  performance  in  the  radial-arm  maze.  The  DA  agonist  pergolide  did 
not  by  itself  improve  radial-arm  maze  memory  performance,  but  when  given  together 
with  nicotine  it  produced  an  elevated  dose-dependent  increase  in  choice  accuracy. 
The  Di  agonist  SKF  38393  significantly  impaired  radial-arm  maze  choice  accuracy. 
Nicotine  was  effective  in  reversing  this  deficit.  When  given  together  with  nicotine,  the 
D2/D3  agonist  quinpirole  improved  RAM  choice  accuracy  relative  to  either  drug 
alone.  Acute  local  infusion  of  mecamylamine  to  the  midbrain  DA  nuclei  effectively 
impairs  working  memory  function  in  the  radial-arm  maze.  In  contrast  to  acute 
nicotinic  manipulations,  considerably  less  evidence  exists  that  the  effects  of  chronic 
nicotine  administration  are  influenced  by  DA  systems.  This  may  be  an  example  of  the 
different  neural  substrates  that  underlie  the  memory  improvement  caused  by  acute 
and  chronic  nicotine. 
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Recent  progress  in  molecular  cloning  techniques  has  allowed  the  identification  of  the 
genes  or  cDNAs  corresponding  to  proteins  homologous  to  but  different  from 
previously  known  receptors.  These  “new”  sequences  have  since  been  shown  to 
encode  subtypes  whose  existence  had  been  suspected  on  the  basis  of  pharmacologic 
data.  A  good  example  of  such  a  new  subtype  is  the  (^-adrenergic  receptor  (p3AR). 
Its  gene  was  first  cloned  by  homology  using  p2-  and  Pr specific  DNA  oligonucleotide 
probes.1  Corresponding  p3  species  homologues  were  later  cloned  from  mouse-  and 
rat.3-4  After  transfection  of  the  p3AR  gene  in  Chinese  hamster  ovary  (CHO)  cells, 
which  are  devoid  of  such  receptors,  it  was  shown  that  the  pAR  subtype  displays  most 
of  the  ligand-binding  and  adenylyl  cyclase-stimulating  properties  of  previously 
described  “atypical”  receptors  in  various  rodent  species  (reviewed  in  refs.  5  and  6). 

The  P3AR  is  quite  distinct  from  the  pr  and  p2AR  and  thus  presents  an 
interesting  case  of  diversity  in  the  small  family  of  pARs.7  In  this  paper  we  discuss  the 
various  features  that  distinguish  the  three  PAR  subtypes. 


MOLECULAR  DIFFERENCES 

All  three  pARs  belong  to  the  R7G  superfamily  of  receptors  coupled  to  GTP 
binding  proteins.8  They  are  thus  composed  of  a  single  polypeptide  chain  with  seven 
putative  transmembrane  domains,  an  extracellular  glycosylated  N-terminal  and  an 
intracellular  C-terminal  region  (Fig.  1).  As  in  all  other  R?G  proteins,  the  PAR 
subtypes  vary  extensively  both  in  terms  of  length  and  sequences  in  the  N-  and 
C-terminal  as  well  as  in  the  third  intracellular  (i3)  regions  (Fig.  2).  Although  the 
seven  hydrophobic  regions  are  quite  conserved,  a  number  of  differences  may  explain 
the  striking  pharmacologic  and  regulatory  variations. 

The  degree  of  amino  acid  sequence  identity  between  man,  mouse,  and  rat  p3AR 
(Fig.  2)  is  much  higher  (80-90%)  than  that  existing  between  different  PAR  subtypes 
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Ministry  for  Research  and  Technology,  and  the  Bristol-Myers-Squibb  Company.  We  are  also 
grateful  for  support  from  the  Ligue  Nationale  contre  le  Cancer,  the  Fondation  pour  la 
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(40-50%)  and  is  of  the  same  order  as  that  observed  across  species  for  a  given 
receptor  subtype.  Several  residues  located  in  the  functional  domains  of  the  receptor 
are  specifically  shared  by  the  human,  murine,  and  rat  p3AR,  but  are  not  found  in  the 
(5j-  and  p2AR  sequences.  From  a  genetic  point  of  view,  the  human,  mouse,  and  rat 
p3AR  genes  all  display  a  similar  genomic  organization  with  an  intron  interrupting  the 
3'  end  of  the  coding  block,9-12  whereas  the  other  (BAR  subtypes  are  intronless. 
Moreover,  the  human  and  mouse  genes  have  been  assigned  to  a  chromosomal 
linkage  group  which  is  conserved  between  the  two  species.2  Together,  these  struc¬ 
tural  data  strongly  suggest  that  the  human,  mouse,  and  rat  genes  do  not  encode 
distinct  PAR  subtypes,4  but  are  species  homologues  of  the  p3AR  gene. 

A  number  of  residues  found  in  human  pr  and  p2AR  sequences  are  substituted 
by  residues  that  appear  to  be  specific  for  p3.  Most  of  these  residues  are  found  in  all 
p3-receptors  sequenced  so  far.  Some  of  the  changes  appear  to  be  selective  for  the 
human  p3.  Last,  but  not  least,  the  Ser/Thr  phosphorylation  target  sites  documented 
for  Pi-  and  p2ARs  are  absent  from  all  p3.  The  rodent  p3ARs  appear  to  share  with  the 
human  p3  quite  a  number  of  structural  features  that  distinguish  this  subtype  from  Pi 
and  p2.  There  are,  in  addition  to  these  p3-specific  substitutions,  a  number  of  rodent 
specific  changes,  as  is  the  case,  for  example,  for  the  Val  Ala  Leu  deletion  in  the  tml 
domain. 


PHARMACOLOGIC  DIFFERENCES 

Five  major  features  distinguish  the  human  p3AR  from  those  of  p3  and  p2:  (1) 
atypically  low  affinity  for  conventional  p-antagonists  including  reference  radioli¬ 
gands;  (2)  atypically  low  stereoselectivity  index  for  agonist  and  antagonist  enantio¬ 
mers;  (3)  atypically  low  potencies  of  reference  agonists;  (4)  high  potency  of  a  novel 
class  of  compounds  initially  described  as  potent  activators  of  lipolysis  and  thermogen¬ 
esis  in  white  and  brown  adipose  tissues  of  rodents;  and  (5)  partial  agonistic  activities 
of  several  p^Prantagonists,  reflecting  intrinsic  sympathomimetic  activities  in  tis¬ 
sues.  Such  general  properties  are  reminiscent  of  those  ascribed  to  the  atypical  PAR 
initially  proposed  to  exist  in  adipose  tissues  and  later  in  the  digestive  tract  of  rodents. 
These  tissues  are  also  the  only  ones  where  p3  mRNA  expression  was  unambiguously 
demonstrated  both  in  human13  and  rodents.2-3,12 

The  rodent  p3  again  appears  to  be  somewhat  different  from  the  human  subtype: 
in  CMO  p3  cells,  propranolol  is  an  antagonist  for  mouse  p3,  as  it  is  for  Pi  and  p2,  in 
contrast  to  what  is  seen  in  the  human  p3  where  it  behaves  as  a  weak  agonist.  A 
number  of  other  compounds  display  either  stronger  or  weaker  effects  in  the  p3 
human  or  rodent  without  any  obvious  trend:  BRL  37344,  for  example,  approximately 
30  times  more  potent  in  the  rodent,  whereas  carazolol  is  about  8  times  more  potent  in 
the  human  p3. 


FIGURE  I.  Primary  structure  of  the  human  p3AR.  The  sequences  are  represented  in  the 
one-letter  code  for  amino  acids.  The  single  polypeptide  chain  is  arranged  according  to  the 
model  for  rhodopsin.  The  disulfide  bond  essential  for  activity  Cys111  and  Cys109  is  represented 
by  -S-S-.  The  two  N-glycosylation  sites  in  the  amino-terminal  portion  of  the  protein  are 
indicated  by  A-  The  palmitoylated  Cys360  residue  in  the  N-terminus  of  the  i4  loop  is  indicated 
by  the  symbol  I  . 


256 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


vo  vd  cr>  o  in 
r-  r-  o 


id  10  o\  o  in 

r-  [>  t>  o  r- 

H  H  H  N  H 


r-  r-  o  cr*  o 

vo  vo  r-  cv  in 

CM  03  CM  CM  03 


531  ^  h  oo  r* 

VO  VO  VO  X  "'d* 

co  co  co  co  co 


o  o  co  r-  co 
o  o  o  r-  t-h 


1 

I 

< 

D 

0 

E- 

CU 

1 

0 

n 

X 

1 

X 

J 

Q 

3 

X 

1 

CU 

1 

J 

D 

a 

1 

X 

1 

X 

Q 

w 

t 

< 

w 

a 

a 

V 

1 

_  0 

1 

0 

CO 

X 

M 

w 

1 

-1 

< 

1 

| 

> 

1 

X 

< 

3 

Q 

1 

X 

0 

1 

Q 

1 

O'  x 

w 

54 

r 

X 

1 

< 

CO 

X 

X 

1 

X 

1 

X 

■  r" 

2 

1 

CO 

X 

a 

54 

J 

J 

CO 

X 

w 

1  . 

X 

1 

X 

0 

> 

1 

_  X 

CO 

< 

X 

X 

54 

CO 

2 

< 

X 

>- 

0 

1 

X 

< 

0 

O 

X 

1 

> 

X 

CO 

< 

CO 

0 

0 

a 

•CLi  . 

.  w 

< 

CO 

0 

w 

54 

Tt*  > 

1 

X 

CO 

p 

CO. 

- X 

1 

X 

< 

,  to; : 

CO 

1 

X 

X 

2 

i' :*£.'. 

< 

l 

3 

X 

0 

_  X 

1 

1 

X 

2 

_  co 
O  to 
x 


CO  CO  CO  H  CM 

02  oa  02  02  ca 

o  3  3  3 

SffJass 


CO  CO  CO  T-i  CM 

ca  02  oa  oa  02 

o  iC  3  3  3 

jEj  X  X  X  X 


co  ro  co  h  cn 

02  02  02  02  02 

0  «  3  3  3 

2  X  X  X  X 


CO  CO  CO  rH  CM 
02  02  02  02  02 
O  R*  3  3  3 

S«asx 


C0  CO  CO  rH  CM 

02  02  02  02  02 

0  RJ  3  3  3 

£  PS  X  X  X 


STROSBERG:  p-ADRENERGIC  RECEPTORS 


257 


DIFFERENT  CONTROL  MECHANISMS  REGULATE  pr,  p2-  AND 

pjAR  EXPRESSION 

A  variety  of  control  mechanisms  regulate  the  function  and  expression  of  the  PAR 
subtypes.  We  summarize  in  Table  1  a  few  of  the  factors  involved  in  PAR  regulation, 
and  show  the  differences  between  pl5  p2,  and  p3. 


Agonist-induced  Desensitization 

One  of  the  most  specific  mechanisms  is  desensitization,  a  complex  physiologic 
process,  which  prevents  the  hormonal  overload  of  most  G-protein-coupled  receptors 
by  impairing  the  signal-transmission  pathway  at  receptor  and/or  postreceptor  levels. 
An  important  clinical  consequence  of  desensitization  is  the  relative  or  complete 
resistance  to  pharmacologic  agonists  given  for  an  extended  period  of  time. 

Several  molecular  mechanisms  involved  in  receptor  desensitization  have  been 
characterized  for  the  p2AR.14  After  a  few  minutes  of  receptor  activation  by  an 
agonist,  phosphorylation  of  p2AR  by  protein  kinase  A  (PKA)  and  PAR  kinase 
(PARK)  results  in  the  rapid  uncoupling  of  the  receptor  from  the  transducing 
pathway.1516  Phosphorylation  by  PKA  is  a  negative-feedback  of  receptor  activation, 
mediated  by  the  raise  of  intracellular  cAMP,  which  affects  all  p2AR,  whereas  PARK 
phosphorylates  only  those  receptors  that  are  occupied  by  the  agonist.17  When 
receptor  activation  is  sustained  for  longer  periods  of  time  (hours),  protein  degrada¬ 
tion  of  preexisting  receptors  and  destabilization  of  the  receptor  mRNA  contribute  to 
the  reduction  of  the  total  number  of  p2AR  (i.e.,  receptor  down-regulation).18 

The  three  pAR  subtypes  are  not  equally  sensitive  to  desensitization.  The  p, AR, 
which  has  fewer  potential  phosphorylation  sites  and  lacks  the  two  tyrosine  residues 
implicated  in  the  down-regulation  of  the  p2AR,19  is  less  prone  than  the  p2AR  to  both 
short-20  and  long-term21  desensitization.  The  third  pAR  subtype  is  almost  completely 
resistant  to  short-term  desensitization, 12  22  primarily  because  this  receptor  does  not 
undergo  PKA-  or  pARK-induced  phosphorylation — most  likely  because  of  the 
absence  of  the  target  sequences  identified  on  the  p2AR.8 


Other  Mechanisms  for  PAR  Modulation 

A  number  of  other  compounds  and  factors  have  been  shown  to  affect  PAR 
expression  and  function  (Table  1).  These  include  glucocorticoids,  butyrate,  insulin 
adipocyte  differentiation,  and  cold.  The  three  pARs  are  diversely  affected  by  these 
different  conditions,  again  demonstrating  that  each  subtype  is  regulated  indepen¬ 
dently  and  may  thus  play  a  distinct  physiologic  role. 


FIGURE  2.  Amino  acid  sequence  comparison  of  the  mouse  (Mo),  rat  (Ra),  and  human  (Hu) 
pi-,  32-,  and  PARs.  The  seven  transmembrane  segments  (tml-tm7)  are  boxed  and  alternate 
with  extracellular  (el-e4)  and  intracellular  (il— i4)  domains.  Gaps  {horizontal  dashes)  have  been 
introduced  to  maximize  sequence  alignment.  Black  triangles  indicate  residues  conserved  in  all 
nine  proteins,  and  dots  represent  classical  substitution  according  to  Daihoff  PAM  250  matrix. 
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CONCLUSION 

The  comparison  of  the  three  (BAR  subtypes  reveals  both  striking  structural 
similarities,  especially  in  the  ligand  binding  and  G-protein  interacting  sites,  and 
important  differences.  These  concern  mainly  regulatory  control  of  receptor  expres¬ 
sion  and  function.  It  is  likely  that  other  families  of  receptor  subtypes  will  display 
similar  features  by  which  binding  of  the  same  natural  ligands  may  result  in  widely 
different  functional  effects,  well  controlled  by  developmentally  or  hormonally  regu¬ 
lated  mechanisms. 


SUMMARY 

The  molecular  and  functional  properties  of  the  three  PAR  subtypes  appear  to  be 
quite  diversified  even  though  all  three  bind  the  same  natural  catecholamines, 
adrenaline  and  noradrenaline,  couple  apparently  to  the  same  Gs  transducer  protein, 
and  stimulate  the  same  adenylyl  cyclase  effector.  Binding  characteristics  for  a  variety 
of  synthetic  ligands  thus  encompass  a  wide  range  of  Kd  values,  and  a  number  of  Pi/p2 
antagonists  turn  out  to  be  potent  agonists  towards  the  p3  subtype. 


table  i.  Differential  Up-  and  Down-Regulation  of  the  Three  P-Subtypes 


Factors 

pi 

P2 

03 

References 

Adipose  differentiation 

i 

i 

t 

Feve  et  al 23’24 

cAMP 

i 

l 

t 

Thomas  et  al.25 

Dexamethasone 

i 

T 

1 

Feve  et  al.23'26 

Butyrate 

t 

t 

1 

Krief  et  al 21 

Insulin 

1 

Feve  et  al.2S 

Regulatory  mechanisms  also  appear  to  vary  considerably  from  one  p-receptor  to 
another,  with  dexamethasone,  for  example,  up-regulating  the  p2  and  down¬ 
regulating  the  Pj  and  p3  subtypes.  Most  striking  is  the  fact  that  the  p3  subtype  is 
resistant  to  the  agonist-induced  short-term  desensitization  initiated  for  the  p2 
receptor  by  phosphorylation  target  sequences  absent  in  p3. 

Diversity  in  the  three  PAR  subtypes  clearly  suggests  different  functional  roles  in 
the  various  tissues  in  which  these  receptors  are  expressed  together  or  alone. 
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Catecholamines  control  a  wide  variety  of  metabolic  processes  in  the  liver,  including 
key  steps  in  carbohydrate,  lipid,  and  amino  acid  metabolism.  Of  the  multiple 
subtypes  of  adrenergic  receptors  (AR)  that  have  been  identified  by  pharmacological 
means  as  well  as  by  molecular  cloning,  two  subtypes  have  major  roles  in  the  control  of 
hepatic  functions  in  the  rat:  calcium-linked  a1BAR  and  cAMP-linked  02AR.  The 
most  extensively  studied  metabolic  effect  of  catecholamines  in  the  liver  is  glycogenol- 
ysis  and  the  subsequent  release  of  glucose,  brought  about  by  activation  of  the 
rate-limiting  enzyme,  glycogen  phosphorylase.  Phosphoiylase  activation  by  catechol¬ 
amines  can  occur  both  through  otisAR  and  fLAR.1 

In  addition  to  their  short-term  metabolic  effects,  catecholamines  also  influence 
hepatocyte  growth  and  differentiation:  they  increase  hepatic  DNA  synthesis  and  are 
involved  in  the  early  phases  of  the  regenerative  response  after  hepatic  injury  or 
partial  hepatectomy.2  The  mammalian  liver  displays  unusual  plasticity  in  that  it  can 
fully  regenerate  after  extensive  tissue  loss  or  injury.  This  regenerative  response  is 
preceded  by  a  temporary  dedifferentiation  of  liver  cells,  characterized  by  the  loss  of 
liver-specific  functions  and  gene  products,  such  as  the  synthesis  of  albumin  and 
transferrin,  and  the  parallel  rapid  emergence  of  growth-related  gene  products,  such 
as  the  protooncogenes  c-myc,  c-jun,  c-fos,  and  h-r<z.s.3  Adrenergic  receptors  also 
display  a  unique  form  of  plasticity,  best  exemplified  by  studies  of  hepatic  glycogenol- 
ysis  in  the  rat.  Although  in  the  normal,  adult,  male  rat  this  response  is  mediated 
exclusively  by  a1BAR,  after  partial  hepatectomy  the  same  response  is  rapidly 
converted  to  a  predominantly  p2AR-mediated  event.4  Interestingly,  a  similar  conver¬ 
sion  from  ar  to  p2-type  response  occurs  in  a  number  of  other  conditions,  including 
glucocorticoid  deficiency,5  hypothyroidism,6  toxin-induced  liver  regeneration,7  malig¬ 
nant  transformation,8  cholestasis,4  fetal  versus  adult  state,9  and  dissociation  of 
hepatocytes  by  enzymatic  digestion.1^14  In  many  of  these  conditions,  a  correspond¬ 
ing  decrease  in  the  expression  of  a1BAR  and  increase  in  the  expression  of  (32AR  have 
also  been  noted.4’612-17  Furthermore,  the  effects  of  other  glycogenolytic  hormones 
acting  through  calcium,  such  as  vasopressin,  or  acting  though  cAMP,  such  as 
glucagon,  were  either  unaffected  or  changed  in  a  different  direction  than  the 
corresponding  AR  response.11  This  strongly  suggests  that  the  conversion  from  a1B-  to 
P?-adrenergic  control  of  glycogenolysis  is  related  to  corresponding  inverse  changes  in 
the  expression  of  the  a1BAR  and  p2AR  genes,1617  although  it  is  clear  that  additional 
mechanisms,  such  as  selective  changes  in  the  coupling  of  a,BAR  and  p2AR  to  their 
respective  G-proteins,1’10  or  changes  in  G-protein  expression18  are  also  involved. 
Because  cellular  dedifferentiation  appears  to  be  a  common  denominator  among  the 
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conditions  associated  with  a  switch  from  ar  to  (32-adrenergic  glycogenolysis,  there 
may  be  common  underlying  mechanisms.  Acute  dissociation  of  liver  cells  by  enzy¬ 
matic  digestion  and  partial  hepatectomy  both  result  in  very  rapid  changes  in  the  AR 
response41011  and  receptor  gene  expression,12'1417  and  they  also  share  the  pattern  of 
altered  expression  of  other  affected  genes,  such  as  various  protooncogenes.3’19  We 
used  these  two  models  in  further  studies  to  explore  the  underlying  mechanisms. 


MECHANISMS  INVOLVED  IN  THE  RAPID  CONVERSION  FROM  a,-  TO 
prADRENERGIC  GLYCOGENOLYSIS  IN  ACUTELY  DISSOCIATED 

HEPATOCYTES 


Role  of  Cyclooxygenase  Products 

Hepatocytes  were  isolated  from  adult,  male  rats  by  a  collagenase  perfusion 
protocol  and  were  maintained  in  serum-free  Krebs  buffer  containing  1.5%  gelatin  for 
improved  viability.  Figure  1  illustrates  the  typical  aradrenergic  response  pattern  of 
freshly  isolated  cells  and  (32-adrenergic  response  pattern  of  cells  preincubated  for  4 
h,  by  the  time-dependent  decrease  in  the  effectiveness  of  the  aj -agonist,  phenyleph¬ 
rine,  and  the  parallel  emergence  of  an  effect  of  the  (3-agonist,  isoproterenol,  on 
phosphorylase  a  activity.  The  effects  of  dibutyryl  cAMP  and  of  the  calcium  iono- 
phore,  A23187,  were  unaffected,  indicating  that  the  inverse  changes  in  the  ar  and 
(3-adrenergic  response  must  have  occurred  before  the  generation  of  the  second 
messengers  cAMP  and  calcium,  respectively.  Whereas  prolonged  in  vitro  incubation 
of  hepatocytes  was  shown  to  be  associated  with  up-regulation  of  (32AR  and  down- 
regulation  of  aiAR, 12-14  the  altered  adrenergic  activation  of  phosphorylase  develops 
faster  than  the  corresponding  changes  in  receptor  density.  This  suggests  that,  at  least 
initially,  the  altered  response  must  be  due  to  inverse  changes  in  the  coupling  of 
receptors  to  their  respective  post-receptor  pathways. 

Glucocorticoids  are  thought  to  produce  most  of  their  biological  effects  by 
inhibition  of  the  breakdown  of  membrane  phospholipids  via  phospholipase  A2 
(PLA2)  and  the  subsequent  generation  of  arachidonic  acid  (AA)  metabolites, 
predominantly  through  the  cyclooxygenase  pathway.  Inasmuch  as  glucocorticoid 
deficiency  is  one  of  the  conditions  associated  with  a  conversion  from  ar  to  fi2- 
adrenergic  glycogenolysis  in  rat  liver,5  we  hypothesized  that  increased  activity  of  the 
PLA2/cyclooxygenase  system  is  a  common  pathway  involved  in  the  a/(3  change 
induced  by  various  stimuli,  including  the  acute  dissociation  of  hepatocytes.  Evidence 
in  support  of  this  hypothesis  was  provided  by  experiments  using  a  “lipid  trap” 
paradigm.20  Defatted  bovine  serum  albumin  (BSA),  which  avidly  binds  fatty  acids, 
can  be  used  to  trap  fatty  acids  released  by  cells,  whereas  regular  BSA,  which  is 
saturated  with  fatty  acids,  has  no  such  effect.  Hepatocytes  incubated  in  their  regular 
Krebs  medium,  or  in  medium  in  which  0.5%  gelatin  was  replaced  with  0.5%  regular 
BSA,  displayed  a  similar  switch  from  a,-  to  (3-adrenergic  glycogenolysis  after  in  vitro 
incubation  for  4  h.20  However,  when  the  medium  contained  0.5%  defatted  BSA,  the 
cells  that  had  been  incubated  for  4  h  retained  the  ai-adrenergic  response  pattern 
observed  in  the  freshly  isolated  cells.20  Because  the  predominant  fatty  acid  in  the  sn-2 
position  of  membrane  phospholipids  is  AA,  we  tested  the  effect  of  exogenous  AA  on 
the  adrenergic  activation  of  liver  glycogen  phosphorylase.  A  20-min  exposure  of 
freshly  isolated  hepatocytes  to  10  jjlM  AA,  but  not  to  stearic  or  palmitic  acids,  caused 
an  acute  shift  in  the  receptor  response  from  ar  to  mixed  a^-type,  and  this  change 
could  be  prevented  by  simultaneous  exposure  of  the  cells  to  the  cyclooxygenase 
inhibitor,  ibuprofen,  but  not  the  lipoxygenase  inhibitor,  nordihydroguaiaretic  acid.20 
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Ibuprofen  also  prevented  the  time-dependent  shift  of  the  receptor  response  from  ar 
to  3-type.20  Incubation  of  hepatocytes  for  4  h  with  actinomycin  D,  which  blocks  the 
time-dependent  conversion  of  the  AR  response,  does  not  prevent  the  similar  but 
more  acute  change  caused  by  exogenous  AA.20  The  rapid  onset  of  the  effects  of 
exogenous  AA  and  its  independence  from  mRNA  synthesis  suggest  that  it  is  the 
coupling  of  AR  rather  than  their  expression  that  may  be  regulated  by  an  AA 
metabolite.  The  more  pronounced  effects  of  AA  and  ibuprofen  on  the  (3-  than  on  the 
ctj-adrenergic  response1,20  suggest  that  the  primaty  target  is  the  32AR  system.  In 
agreement  with  this  possibility,  we  found  that  hepatocytes  from  rats  raised  on  an 
essential  fatty  acid  (EFA)-free  diet,  which  have  markedly  reduced  AA  and  linoleic 
acid  contents,  fail  to  develop  a  (3-adrenergic  response  on  prolonged  in  vitro  incuba¬ 
tion.21 


Agonist  concentration  (-log  M) 

FIGURE  1.  The  effect  of  prolonged  (4  h)  incubation  of  isolated  rat  hepatocytes  on  the 
glycogenolytic  response  to  various  agonists.  Phosphorylase  a  activity  was  determined6  in 
aliquots  of  freshly  isolated  cells  ( open  circles )  or  cells  preincubated  for  4  h  ( filled  circles)  in  the 
absence  of  drugs  or  after  a  3-min  exposure  to  the  indicated  concentrations  of  phenylephrine 
(PHE),  isoproterenol  (ISO),  the  calcium  ionophore  A23187,  or  dibutyryl  cAMP  (dB-cAMP). 
Means  ±  SE  from  five  experiments  are  shown.  Asterisk  indicates  significant  difference  between 
corresponding  0-h  and  4-h  values  [p  <  0.05).  Baseline  phosphorylase  a  activity  was  20-25 
units.6 


Role  of  Protein  Kinase  C 

Protein  kinase  C  (PKC)  plays  a  key  role  in  signal  transduction  as  well  as  in  cell 
proliferation.22  Activation  of  PKC  by  phorbol  esters  inhibits  differentiation  and 
promotes  growth  in  various  tissues,  including  the  liver  where  regeneration  after 
partial  hepatectomy  is  associated  with  activation  of  PKC.23  Acute  exposure  of  rat 
hepatocytes  was  also  shown  to  selectively  inhibit  otj  -receptor-mediated  glycoge noly¬ 
sis, 24,25  probably  due  to  phosphorylation  of  the  a^AR,25  and  in  certain  cell  types 
phorbol  esters  potentiate  pAR-mediated  cAMP  accumulation.26,27  These  findings 
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FIGURE  2.  The  effect  of  a  phorbol  ester  (PMA)  on  the  activation  of  phosphoiylase  by  various 
glycogenolytic  agents  in  freshly  isolated  hepatocytes.  Cells  were  incubated  for  10  min  with 
vehicle  (open  columns )  or  15  nM  PMA  (cross-hatched  columns ),  and  then  exposed  to  vehicle 
(baseline)  or  to  maximally  effective  concentrations  of  phenylephrine  (10  p.M),  isoproterenol  (1 
IxM),  vasopressin  (10  nM)  or  glucagon  (10  nM).  Means  ±  SE  from,  six  experiments  are  shown. 


Treatment  -  PMA  AA  -  -  PMA  AA 

FIGURE  3.  Drug-induced  or  time-dependent  translocation  of  protein  kinase  C  (PKC)  activity 
in  isolated  hepatocytes.  PKC  activity  was  determined29  in  cytosol  and  plasma  membrane 
fractions  prepared  from  freshly  isolated  cells  (0  h)  or  cells  preincubated  for  4  h.  Zero-hour  cells 
were  exposed  for  10  min  to  vehicle  only,  15  nM  PMA  or  10  p-M  AA  before  preparation  of  the 
subcellular  fractions.  Four-hour  cells  were  exposed  to  vehicle  only.  Asterisk  indicates  signifi¬ 
cant  difference  from  corresponding  value  in  untreated  0-h  cells  (p  <  0.05).  Columns  and  bars 
represent  means  +  SE  (n  =  4). 
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could  suggest  that  activation  of  PKC  is  also  involved  in  the  conversion  of  the 
adrenergic  activation  of  phosphorylase  from  an  aiAR-  to  a  02AR-mediated  event. 
The  following  observations  support  this  possibility. 

Effects  of  phorbol  esters.  Exposure  of  freshly  isolated  hepatocytes  to  5  nM  of 
phorbol  12-myristate,  13-acetate  (PMA)  for  4  min  resulted  in  a  marked  reduction  in 
the  effect  of  phenylephrine,  and  a  small  but  significant  increase  in  the  effect  of 
isoproterenol  on  phosphorylase  a  activity,  with  no  change  in  the  effects  of  vasopres¬ 
sin  or  glucagon  (Fig.  2).  Exposure  to  phorbol  12-monoacetate,  which  does  not 
activate  PKC,  had  no  effect  on  any  of  these  drug  responses.  Experiments  with 
different  concentrations  of  PMA  indicated  that  the  EC50  of  PMA  for  both  the 
increase  in  the  isoproterenol  response  and  the  decrease  in  the  phenylephrine 
response  was  3  nM,  which  is  close  to  the  Kj  of  PMA  for  PKC.28 

Time-dependent  activation  of  PKC  in  isolated  hepatocytes.  It  is  well  established  that 
activation  of  PKC  in  various  cell  types  is  associated  with  its  translocation  from  the 
cytosol  to  the  membrane.  We  quantified  PKC  activity  in  cytosol  and  membrane 
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FIGURE  4.  Translocation  of  PKC  from  cytosol  to  membrane  and  nucleus  induced  by  PMA  or 
by  4-h  incubation.  Detergent-solubilized  subcellular  fractions  were  prepared  from  cells  pre¬ 
treated  as  indicated,  and  were  size-fractionated  by  electrophoresis  on  a  8%  polyacrylamide  gel, 
transferred  to  nitrocellulose,  and  blotted  with  a  nonsubtype  selective  polyclonal  antibody 
against  PKC  (UBI).  Bands  were  visualized  by  biotinylated  streptavidin.  Band  A,  0-h  control;  B, 
0  h  +  PMA;  C,  4-h  control;  D,  4  h  +  calphostin.  For  further  explanation,  see  text. 


fractions  prepared  from  isolated  hepatocytes,  by  measuring  histone  phosphorylation 
in  the  presence  and  absence  of  added  phospholipids.29  As  illustrated  in  Fig.  3,  in 
freshly  isolated  cells  most  of  the  activity  was  in  the  cytosol  and  very  little  in  the 
membrane  fraction.  A  20-min  exposure  of  these  cells  to  15  nM  PMA  resulted  in  a 
significant  decrease  in  PKC  activity  in  the  cytosolic  fraction  and  an  increase  in  the 
membrane  fraction,  and  a  similar  translocation  occurred  in  cells  incubated  for  4  h  in 
the  absence  of  PMA.  Interestingly,  a  similar  cytosol-to-membrane  translocation  of 
PKC  was  induced  by  exposure  of  freshly  isolated  hepatocytes  for  20  min  to  10  m-M 
AA  (Fig.  3).  In  these  experiments,  the  increase  in  PKC  activity  in  the  membrane 
fraction  was  less  than  the  decrease  in  the  cytosolic  fraction,  suggesting  that  transloca¬ 
tion  may  occur  to  additional  sites,  such  as  the  nucleus.  We  examined  the  presence  of 
immunoreactive  PKC  in  cytosolic,  membrane,  and  nuclear  fractions  by  Western 
blotting,  using  a  nonisoform  selective  polyclonal  antibody  against  PKC.  Figure  4 
illustrates  the  results  of  an  experiment  with  subcellular  fractions  prepared  from 
freshly  isolated  hepatocytes  exposed  for  20  min  to  vehicle  (A  lanes)  or  to  15  nM 
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FIGURE  5.  Calphostin  C  (Cal  C)  prevents  the  time-dependent  conversion  from  ar  to 
p2-adrenergic  glycogenolysis  in  isolated  hepatocytes.  Columns  and  bars  (means  +  SE,  n  =  5) 
represent  the  increase  in  phosphorylase  a  activity  caused  by  10  \xM  phenylephrine  or  1  fxM 
isoproterenol  under  the  indicated  conditions. 


PMA  (B  lanes),  and  from  cells  preincubated  for  4  h  with  no  drug  added  (C  lanes)  or 
incubated  in  the  presence  of  0.5  jxM  calphostin  C,  a  potent  and  selective  inhibitor  of 
PKC  (D  lanes).  As  seen  in  Figure  4,  exposure  of  freshly  isolated  cells  to  PMA,  or 
their  in  vitro  incubation  for  4  h  without  PMA,  caused  similar  decreases  in  PKC  in  the 
cytosolic  fraction  and  increases  in  both  the  membrane  and  nuclear  fractions.  The 
presence  of  calphostin  throughout  the  4-h  incubation  prevented  the  translocation  of 
PKC  to  either  membrane  or  nucleus. 

Effects  of  calphostin  C.  Calphostin  C  not  only  prevented  the  time-dependent 
translocation  of  PKC,  as  evidenced  by  Western  blots  (see  Fig.  4),  but  also  prevented 
the  parallel  decrease  in  the  a-adrenergic  and  increase  in  the  0-adrenergic  activation 
of  phosphorylase  (Fig.  5). 

Together  these  observations  strongly  suggest  that  loss  of  cell-to-cell  contact  in 
the  liver  leads  to  activation  of  PKC,  resulting  in  its  translocation  to  both  the  plasma 
membrane  and  the  nucleus,  which  is  involved  in  the  conversion  from  ar  to  02- 
adrenergic  glycogenolysis. 


TRANSCRIPTIONAL  REGULATION  OF  HEPATIC  aiB-ADRENERGIC 

RECEPTORS 

The  rapidity  with  which  changes  in  the  adrenergic  receptor  response  develop 
upon  activation  of  PKC  or  of  the  AA  pathway  suggests  that  these  changes  occur  at 
the  level  of  the  coupling  of  the  receptors  to  their  respective  signal  transduction 
pathways.  However,  primary  culturing  of  hepatocytes  also  leads  to  corresponding, 
although  more  slowly  developing,  inverse  changes  in  the  expression  of  a^AR  and 
02AR.12“14  In  order  to  obtain  a  more  direct  indicator  of  receptor  synthesis,  we 
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quantified  the  steady-state  levels  of  a1BAR  and  |32AR  mRNAs  in  total  RNA 
extracted  from  0-h  and  4-h  cells.  Of  the  three  oqAR  subtypes  cloned  to  date,  only  the 
a1BAR  has  been  found  to  be  expressed  in  the  rat  liver.30  mRNA  levels  were  measured 
by  highly  sensitive  DNA  excess  solution  hybridization  assays  with  sensitivity  limits  in 
the  range  of  0.1  amol  mRNA/|xg  total  RNA.16’17  A  progressive  decrease  in  a1BAR 
mRNA  and  a  parallel  increase  in  32AR  mRNA  were  detected  which  reached 
statistical  significance  by  the  second  to  third  hour  of  incubation.17  Figure  6 
illustrates  a  similar  inverse  change,  that  is,  a  decrease  in  a^AR  mRNA  and  an 
increase  in  |32AR  mRNA  induced  by  partial  hepatectomy,  as  detected  in  a  Northern 
blot  of  poly  A+  RNA  prepared  from  the  livers  of  sham-operated  animals,  or  from  the 
residual  liver  tissue  within  2  or  6  h  of  2/3  partial  hepatectomy.  The  aigAR  and  |32AR 
mRNAs  were  detected  in  mRNA  preparations  obtained  from  the  same  livers. 
Figure  6  also  illustrates  the  well-documented  mRNA  heterogeneity  for  both 
receptors.  The  aigAR  has  three  mRNAs:  a  major  2.7  kb  and  two  minor  bands  at  3.3 
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FIGURE  6.  Reciprocal  changes  in  the  steady-state  levels  of  cxibAR  and  P2AR  mRNAs  induced 
by  partial  hepatectomy.  Northern  blots  of  poly  A+  RNA  prepared  from  the  liver  of  sham- 
operated  (Sh)  or  2/3  hepatectomized  (Hx)  male  Sprague-Dawley  rats  (200  g)  2  or  6  h  following 
surgery  were  hybridized  with  [35S]labeled  cDNA  probes  for  aisAR  and  P2AR.  Bands  were 
visualized  by  a  phosphorimager.  Note  the  Hx-induced  opposite  changes  in  the  cxibAR  and 
p2AR  message  in  the  same  RNA  preparations. 
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and  2.3  kb,31  of  which  the  3.3  kb  species  is  only  expressed  in  liver.32  Nuclear  run-on 
assays  indicate  that  these  inverse  changes  in  steady-state  mRNA  levels  can  be 
accounted  for  by  a  corresponding  increase  or  decrease  in  the  rate  of  transcription  of 
the  foAR  or  a, BAR  genes,  respectively  (not  shown). 

Once  it  is  clear  that  a  major  mechanism  by  which  receptor  expression  is  regulated 
is  at  the  level  of  the  transcription  of  the  receptor  gene,  it  is  apparent  that  further 
analysis  requires  a  detailed  characterization  of  the  regulatory  domains  of  the  gene 
and  of  the  trans- acting  factors  that  interact  with  these  domains  to  direct  or  to 
modulate  the  rate  of  transcription.  As  a  first  step  towards  this  goal,  we  isolated  and 
sequenced  the  gene  encoding  the  rat  aiBAR  and  characterized  its  5  -flanking 
region.33  Unlike  the  intronless  genes  encoding  other  adrenergic  receptors  cloned  to 
date,  the  rat  a1BAR  has  a  large  intron  (>  16  kb)  interrupting  its  coding  region.  A 
similar  feature  is  evident  in  the  human  otiBAR  gene,  published  at  the  time  this  work 
was  completed.34  Analysis  of  the  sequence  of  the  first  1000  bp  immediately  upstream 
from  the  coding  region  indicates  the  absence  of  TATA  and  CCAAT  boxes  and  G  + 
C  rich  regions,  features  characteristic  of  housekeeping  genes.33  The  5'-flanking 
region  also  contains  consensus  sequences  that  are  recognized  response  elements  for 
various  trans- acting  factors,  such  as  API,  cAMP  (CRE),  glucocorticoid  receptor 
(GRE),  and  thyroid  hormone  receptor  (TRE),33  which  are  probably  involved  in  the 
well-documented  regulation  of  a1BAR  by  PKC,35  cAMP,36  corticosteroids,37  and 
thyroid  hormones,6’15’16  respectively.  Primer  extension  analyses  using  5'  upstream 
primers  identified  transcription  start  points  at  —54  and  —57  bp  (tspl),  — 44j  bp 
(tsp2),  and  a  cluster  between  -1035  and  -1340  bp  (tsp3).31  Further  analysis  by 
transient  transfections  of  putative  promoter/CAT  constructs  revealed  that  the 
aiBAR  gene  has  three  independent  promoters,  as  illustrated  in  Figure  7.  The 
promoters  are  located  at  —49  to  —127  bp  (PI),  —432  to  —813  bp  (P2),  and  —1107  to 
-1363  bp  (P3)  upstream  from  the  start  codon,  and  they  direct  transcription  from 
tspl,  tsp2,  and  tsP3,  to  generate  mRNA  species  of  2.3,  2.7,  and  3.3  kb  in  length, 
respectively.31  Analysis  of  the  structure  of  these  promoters  indicate  that  PI  and  P2 
have  features  of  housekeeping-like  promoters,  whereas  P3,  which  is  responsible  for 
the  liver-specific  expression  of  the  3.3  kb  mRNA  species,32  has  both  a  TATA  and  a 
CCAAT  box  and  is  flanked  by  recognition  sites  for  liver  specific  transcription  factors, 
such  as  the  CCAAT/ enhancer  binding  protein  and  hepatocyte  nuclear  factor-5.31 
These  findings  suggest  that  differential  control  of  these  promoters  may  underlie  the 
well-documented  developmental  and  tissue-specific  regulation  of  the  a1BAR.  Studies 
are  in  progress  to  identify  the  regulatory  domains  of  the  02AR  and  the  trans- acting 
factors  that  bind  to  these  domains  to  control  transcription  of  the  (32AR  gene.  If 
liver-specific  factors  are  found  that  are  involved  in  the  transcriptional  regulation  of 
both  the  a1BAR  and  the  (32AR,  the  possible  role  of  such  factors  in  the  inverse 
regulation  of  these  two  receptors  will  be  further  explored. 


POSSIBLE  BIOLOGICAL  SIGNIFICANCE 

Inverse  regulation  of  aiBAR  and  ($2AR  has  been  observed  in  a  number  of 
different  physiological  and  pathological  conditions  (see  introduction).  The  remark¬ 
able  similarity  of  the  altered  receptor  response  pattern  under  these  various  condi¬ 
tions  suggests  that  it  represents  a  unique  form  of  receptor  regulation.  Furthermore, 
the  close  parallel  between  conversion  of  the  AR  response  and  a  shift  from  liver- 
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specific  to  growth-related  functions  suggests  a  role  in  the  process  of  liver  cell  growth 
and  differentiation.  Whereas  the  activation  of  glycogenolysis  by  a^AR  or  |32AR  is  a 
unidirectional  response,  this  is  not  the  case  for  effects  on  liver  cell  proliferation. 
a1BAR  are  mitogenic,  increase  DNA  synthesis,  and  their  inhibition  can  prevent  liver 


Rat  cr-tB  AR  9ene  5'-flanking  region 

tsp3  tsp2  tsp  1  Relative  CAT  activity  (%) 


FIGURE  7.  Characterization  of  three  promoters  of  the  a1BAR  receptor  gene.  The  left  side  is  a 
schematic  representation  of  the  pCAT  constructs  used  in  cell  transfection  experiments;  the 
right  side  shows  CAT  activity  in  Hep3B  (solid  bars)  and  in  DDT;  MF-2  cells  ( cross-hatched 
bars),  expressed  as  %  of  positive  control.  CAT  activities  (means  ±  SE,  n  =  3)  are  corrected  for 
transfection  efficiency,  as  described.31  The  positions  of  the  three  promoters  (horizontal  bars) 
and  3  tsp  (arrows)  are  indicated  on  the  line  representing  the  5’-flanking  region.  (From  Gao  and 
Kunos.31  Reproduced,  with  permission,  from  the  Journal  of  Biological  Chemistry.) 

regeneration  after  partial  hepatectomy.2  In  contrast,  in  proliferating  liver  cells, 
stimulation  of  (32AR  strongly  inhibits  the  Gl-S  transition,38  and  thus  may  be  involved 
in  the  termination  of  the  proliferative  process.  This,  and  the  reported  shift  from 
ctjAR  to  (32AR  in  human  hepatocellular  carcinoma,39  could  suggest  that  this  form  of 
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regulation  is  important  in  terminating  hepatocyte  proliferation  in  order  to  prevent  its 
potential  progression  into  malignant  transformation. 
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Induced  Hibernation 
by  a2-Adrenoceptor  Agonists0 


N.  ERIC  NAFTCHI 

Laboratory  of  Biochemical  Pharmacology 
New  York  University  Medical  Center 
New  York,  New  York  10016 


Guanabenz,  2,6-dichlorobenzylidene  aminoguanidine,  is  an  a2-adrenoceptor  agonist 
and  is  considered  to  act  similarly  to  clonidine  with  respect  to  side  effects  and 
efficacy.12  Three  adrenoceptor  agonists— two  commonly  employed  anesthetic  agents 
and  a  minor  tranquilizer— were  compared  in  the  rat  for  their  effect  on  core 
temperature  and  behavior.  At  an  ambient  temperature  of  26.7  C,  24  bprague- 
Dawley  rats  were  injected  intraperitoneally  (i.p.)  with  guanabenz  acetate  (12  mg/ 
kg),  clonidine  (0.3  mg/kg),  pentobarbital  (35  mg/kg),  ketamine  HC1  (35  mg/kg), 
diazepam  (6  mg/kg),  guanabenz  +  diazepam,  and  guanabenz  +  pentobarbital  at  the 
same  stated  doses.  Within  45  min,  the  mean  core  temperature  of  the  animals 
dropped  to  27.5,  34.5,  33.6,  35.1,  37.6,  30.7,  and  29.3  °C,  respectively.  The  patellar, 
urethroanal  (bulbocavernosus),  startle,  and  corneal  reflexes  were  absent  after  30  mm 
in  guanabenz,  pentobarbital,  ketamine,  guanabenz  plus  pentobarbital  treated  am- 
mals,  but  they  were  present  in  clonidine  and  diazepam  treated  animals.  In  the  rats 
treated  with  a  combination  of  the  drugs  guanabenz  and  diazepam,  the  urethroana 
and  vestibular  reflexes  were  absent.  Other  reflexes,  that  is,  withdrawal,  tail  compres¬ 
sion  response,  corneal,  and  righting  were  present  in  these  animals.  Those  rats 
receiving  clonidine  showed  signs  of  sedation  but  not  anesthesia.  Guanabenz  (12 
mg/kg)  was  administered  i.p.  to  eight  Sprague-Dawley  rats.  Immediately  alter 
injection  of  guanabenz  or  the  vehicle  (5%  aqueous  dextrose)  into  another  group  of 
eight  animals,  the  rats  were  placed  in  a  temperature-controlled  room  (4-5  <-.).  Ihe 
brain  temperature  of  the  control  rats  did  not  drop  appreciably.  By  comparison,  the 
brain  temperature  of  the  guanabenz-treated  rats  dropped  by  10  °C  (from  37  C  to  27 
°C)  whereas  colonic  temperature  dropped  from  37  °C  to  17  °C,  representing  a  fall  of 
20  °C  in  core  temperature  (Fig.  1).  Three  sets  of  two  rats  each  were  kept  in  the  state 
of  hibernation  for  3,  7,  and  12  days,  with  repeated  injections,  without  any  untoward 
effect.  One  of  the  rats  carried  for  12  days,  however,  did  not  recover  from  anesthesia 
because  of  an  overdose,  extensive  weight  loss,  or  most  probably  because  of  both.  The 
state  of  anesthesia/hypothermia  induced  by  guanabenz  was  not  reversed  by  nalox¬ 
one,  but  was  selectively  reversed  by  yohimbine,  tolazoline,  and  xanthines. 

A  group  of  four  rats  were  administered  i.p.  guanabenz  (12  mg/kg)  at  an  ambient 
temperature  of  21.3  °C.  Their  colonic,  intraperitoneal,  hepatic,  and  renal  tempera¬ 
tures  were  compared  with  the  vehicle-treated  rats  housed  at  a  room  temperature  of 
21.5  °C.  The  core  temperature  was  measured  at  5-min  intervals,  and  that  of  the  vital 
organs  at  15  and  25  min  post  injection. 

Stabilized  at  25  min  after  guanabenz  injection,  the  mean  intraperitoneal  tempera¬ 
ture  of  31.5  °C  and  that  of  the  liver  and  kidneys  (33.5  °C),  respectively,  were  9.5  C 
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FIGURE  1.  Guanabenz-induced  hypothermia.  Guanabenz  (12  mg/kg)  was  administered  i.p.  to 
eight  Sprague-Dawley  rats.  Immediately  after  injection  of  guanabenz  or  the  vehicle  (5% 
aqueous  dextrose),  the  rats  were  placed  in  a  temperature  controlled  room  (4-5  °C).  No  change 
occurred  in  colonic  and  brain  temperatures  of  the  control  rats.  The  brain  temperature  of 
guanabenz-treated  rats,  however,  dropped  by  10  °C  (from  37  to  27  °C),  and  the  colonic 
temperature  dropped  by  20  °C  from  37  to  17  °C.  Note  that  the  onset  of  hypothermia  is  very' 
rapid;  the  major  drop  in  core  temperature  occurs  within  15-20  min. 


and  11.5  °C  higher  than  the  comparable  mean  colonic  temperature  of  22.5  °C  for 
vehicle  controls  (Table  1). 

Previous  studies  by  Franz  and  co-workers3-4  have  shown  that  clonidine,  an  a2- 
adrenoceptor  agonist,  depresses  transmission  through  sympathetic  preganglionic 
neurons  in  the  spinal  cord,  at  least  in  part  by  reducing  neuronal  levels  of  cyclic  AMP. 

The  state  of  anesthesia  can  be  reversed  by  aminophyline,  a  cyclic-AMP  phospho¬ 
diesterase  inhibitor.  Any  agent  that  crosses  the  blood-brain  barrier  and  increases 
cyclic-AMP  levels,  such  as  xanthines  and  (3-adrenoceptor  agonists,  can  reverse  the 
state  of  anesthesia,  but  not  that  of  hypothermia. 


table  i.  Temperature  Alterations  after  Treatment  with  Guanabenz" 


Drug 

Time 

(min) 

Core 

Intraperitoneal 

Abdominal 

Cavity 

Liver 

Kidney 

Guanabenz 

15 

22 

31.5 

31.5 

33.5 

33.5 

25 

22.5 

31.5 

31.5 

34.5 

33.5 

40 

22.6 

Vehicle  (control) 

15 

35.5 

37.0 

37.8 

38.2 

38.2 

25 

35.8 

36.4 

37.3 

37.8 

38.2 

40 

35.6 

“Mean  core  temperature  before  injection  was  35.5  ±  0.1  °C;  ambient  temperature,  21  °C. 
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The  mechanism  of  action  of  a2-adrenoceptor  agonists  is  believed  to  be  stimula¬ 
tion  of  a2-adrenoceptors  in  the  central  nervous  system.  Stimulation  of  the  receptors 
in  the  vasomotor  center  and  the  nucleus  tractus  solitarii  decreases  the  sympathetic 
nerve  impulses  to  the  peripheral  organs,  such  as  the  heart  and  blood  vessels,  with 
consequent  reduction  of  peripheral  vascular  resistance  and  hypotension.  Thus,  the 
induced  state  of  anesthesia  and  deep  hypothermia  mimics  hibernation  and  is 
compatible  with  life;  if  an  adequate  nutritional  balance  is  maintained,  a  mammal  can 
be  kept  in  a  hibernation-like  state  for  a  long  period  of  time  without  any  untoward 
effect. 
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in  the  Rat  Brain* 

N.  ERIC  NAFTCHI,*  HENRY  SERSHEN,C 
AUDREY  HASHIM,C  AND  GARTH  BISSETT* 

b  Laboratory  of  Biochemical  Pharmacology 
New  York  University  Medical  Center 
New  York,  New  York  10016 

cThe  N.S.  Kline  Institute  for  Psychiatric  Research 
Center  for  Neurochemistry 
Orangeburg,  New  York  10962 

c‘ Duke  University  Medical  Center 
Durham,  North  Carolina 


Treatment  of  13  Sprague-Dawley  rats  with  guanabenz  (4  mg/kg),  an  a-adrenoceptor 
agonist,  significantly  reduced  neurotensin  (NT)  concentrations  only  in  the  caudate 
nucleus.  The  NT  content  of  the  hypothalamus,  olfactory  tubercles,  and  nucleus 
accumbens  was  also  reduced,  but  not  at  the  95%  significant  level;  that  of  the  frontal 
cortex,  preoptic  nucleus,  septum  or  ventral  tegmental  area/substantia  nigra  was 
unchanged.  Twenty  minutes  after  treatment  with  guanabenz  (4  mg/kg)  at  a  room 
temperature  of  22.5-23.0  °C,  the  core  temperature  of  the  treated  rats  (warm  treated, 
WT)  was  34.7  ±  0.4  °C  and  that  of  the  control  rats  (warm  control,  WC)  was  36.7  ± 
0.75  °C.  The  core  temperature  of  the  control  animals  (cold  control,  CC)  in  a 
temperature-controlled  room  (3.7  °C)  was  35.4  ±  0.12  °C  compared  with  30.8  ± 
0.3  °C  for  guanabenz-treated  animals  (cold  treated,  CT).  In  the  cold-control  animals, 
5-hydroxyindoleacetic  acid  (5-HIAA)  increased  significantly  in  the  frontal  cortex, 
hippocampus,  and  corpus  striatum  (Table  1).  The  concentration  of  5-HT  was  also 
significantly  reduced  in  the  striatum.  These  results  indicate  that,  with  the  exception 
of  the  hippocampus,  an  increase  occurs  in  the  turnover  of  5-HT  in  the  frontal  cortex 
and  the  corpus  striatum  due  to  cold  stress.  Dopamine  turnover  also  increased 
significantly  in  the  frontal  cortex  and  the  corpus  striatum.  The  induced  changes  in 
5-HT  and  dopamine  turnover  by  cold  stress  were  abolished  by  guanabenz  treatment; 
no  significant  difference  was  found  in  the  striatal  dopamine  and  5-HT  among  the 
vehicle-treated  control  rats  in  the  room  ambiance  (WC)  and  rats  treated  in  the  cold 
(CT)  temperatures  (Table  1).  Anterior  hypothalamus  showed  no  change  either  due 
to  cold  or  to  treatment  with  guanabenz  in  any  of  the  neurotransmitters  and  their 
metabolites  (Table  2). 

The  regions  of  caudate  nucleus  and  preoptic  hypothalamus  where  NT  concentra- 
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table  i.  Effect  of  Guanabenz  on  Cathecholamine  Levels  in  the  Brain 


5HIAA/ 

5HIAA  5HT  DOPAC  +  HVA/DA  5HT 


Frontal  Cortex 
WC 

1.95  ±  0.11 

4.71  ±  0.20 

0.69  ±  0.11 

0.38 

WT 

1.58  ±  0.24 

3.96  ±  0.50 

1.02  ±  0.08 

0.37 

CC 

3.13  ±  0.36° 

4.65  ±  0.53 

1.09  ±  0.11* 

0.62“ 

CT 

1.93  ±  0.13° 

5.12  ±  0.53 

0.71  ±  0.14* 

0.35. 

Hippocampus 

WC 

2.42  ±  0.10 

2.10  ±  0.11 

0.54  ±0.12 

1.06 

WT 

2.80  ±  0.10 

2.75  ±  0.12 

0.55  ±  0.13 

0.94 

CC 

4.43  ±  0.20° 

3.77  ±  0.99 

0.59  ±  0.07 

1.08 

CT 

3.76  ±  0.06“ 

3.88  ±  0.21 

0.72  ±  0.28 

0.89 

Striatum 

WC 

3.04  ±0.17 

3.27  ±  0.29 

0.19  ±  0.01 

0.86 

WT 

3.54  ±  0.19 

4.18  ±  0.16 

0.17  ±  0.01 

0.78 

CC 

4.00  ±  0.33* 

2.85  ±  0.27* 

0.25  ±  0.02“ 

1.29“ 

CT 

2.70  ±  0.25“ 

3.36  ±  0.53 

0.17  ±  0.01“ 

0.74 

Note:  Animals  killed  20  min  after  injection.  Values  are  expressed  as  ng/mg  protein,  mean  ± 
SEM,  n  =  4—5;  significant  comparisons  are  between  WC  versus  CC  and  CC  versus  CT. 


“p  <  0.01  and  bp  <  0.05. 

Legend:  Warm  control  (WC):  Saline;  room  temperature,  22.5-23  °C;  body  temperature, 
36.7  ±  0.75  °C.  Warm  treated  (WT):  Guanabenz,  body  temperature,  34.7  ±  0.04  °C.  Cold 
control  (CC):  Saline,  room  temperature,  3.7  °C;  body  temperature  35.4  ±  0.12  °C.  Cold  treated 
(CT):  Guanabenz,  body  temperature  30.8  ±  0.3  °C. 


tions  were  significantly  altered  contain  intrinsic  NT  neurons,  as  well  as  some 
terminals  that  project  from  other  regions.12  Neurotensin  is  known  to  be  colocalized 
with  dopamine  in  neurons  of  the  ventral  tegmental  area  that  project  to  the  nucleus 
accumbens  and  frontal  cortex.  The  lack  of  significant  NT  changes  in  any  of  these 
regions,  however,  would  argue  against  this  source  of  NT  being  affected  by  the 
treatment  with  guanabenz.  Administration  of  neuroleptic  drugs  is  known  to  increase 
NT  levels3  and  NT  messenger  RNA  concentrations4  in  the  caudate  nucleus  and 
nucleus  accumbens.  This  effect  of  neuroleptics  is  still  present  after  destruction  of 
dopamine  neurons  innervating  these  regions.5  Thus,  guanabenz  may  be  decreasing 
NT  concentrations  by  affecting  local  circuit  neurons  containing  NT  in  the  caudate 
nucleus  and  preoptic  hypothalamus. 

The  results  demonstrate  that  cold  stress  induces  a  marked  increase  in  the 
turnover  of  5-HT  in  the  frontal  cortex,  hippocampus,  and  corpus  striatum;  there  is  a 
decrease  in  the  [5-HT/5-HIAA]  ratio.  With  the  exception  of  the  hippocampus,  the 
same  results  also  apply  to  dopamine  turnover;  the  ratio  of  [DOPAC  +  HVA)/DA] 


TABLE  2.  Effect  of  Anesthesia/Hypothermia  Induced  by  Guanabenz-Acetate  on 
Biogenic  Amine  Levels  in  Anterior  Hypothalamus0 _ 


DOPAC 

DA 

HVA 

5HT 

5HIAA 

NE 

Control 

0.65  ±  0.2 

4.5  ±  1.0 

0.42  ±  0.07 

9.8  ±  0.9 

3.9  ±  0.4 

13.5  ±  2.7 

Cold  Control 

0.65  ±  0.2 

4.8  ±  1.6 

0.43  ±  0.08 

8.2  ±  2.0 

4.1  ±  1.0 

14.4  ±  3.0 

Treated 

0.79  ±  0.3 

6.3  ±  2.0 

0.55  ±  0.16 

10.2  ±  1.6 

2.8  ±  0.5* 

13.8  ±  1.7 

“Results  expressed  as  ng/mg  protein,  mean  ±  SD. 
bp  <  0.05. 
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increased  significantly  in  the  frontal  cortex  and  the  corpus  striatum  (Table  1). 
Alterations  in  5-HT  and  dopamine  turnover  induced  by  cold  stress  are  abolished  by 
guanabenz  treatment.  Guanabenz,  therefore,  attenuates  the  increase  in  dopamine 
and  5-HT  turnover  induced  by  cold  stress  in  the  brain  (Table  1  compares  results  in 
ambient  temperature,  WC  versus  CT). 

Anterior  hypothalamus  showed  no  change  in  any  of  the  neurotransmitters  and 
their  metabolites  either  due  to  cold  or  to  treatment  with  guanabenz  (4  mg/kg).  In 
this  discrete  area  of  the  brain,  including  the  posterior  hypothalamus,  a  significant 
reduction  in  5-HIAA  occurred,  which  may  be  a  sign  of  decreased  activity  of 
membrane-bound  intraneuronal  monoamine  oxidase,  but  not  that  of  extraneuronal 
catechol-O-methyl  transferase  in  this  tissue  (Table  2). 
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Dopamine  (DA)  is  an  important  neurotransmitter  involved  in  diverse  cerebral 
functions,  among  which  those  that  control  hormone  secretion,  emotions,  and  motor 
and  motivated  behaviors.  The  molecular  diversity  of  dopamine  receptors,  recently 
revealed  by  the  approaches  of  molecular  biology,  indicates  that  DA  may  mediate  its 
various  functions  by  interacting  with  at  least  five  different  DA  receptors  encoded  by 
different  genes.  These  receptors  can  be  classified  in  Dj-like  and  D2-like  subfamilies 
according  to  primary  sequence  homology,  gene  organization,  pharmacology ,  and,  to 
some  extent,  intracellular  signaling.1^  Thus,  the  Drlike  receptors  Di  and  D5 
receptors — are  encoded  by  intronless  genes  and  coupled  to  Gs-mediated  activation 
of  adenylyl  cyclase.  D2-like  receptors — D2,  D3,  and  D4  receptors  are  encoded  by 
genes  with  their  coding  sequence  interrupted  by  introns  and  mediate  G;  and 
Go-mediated  inhibitory  responses,  namely,  inhibition  of  cAMP  formation.5  8 

Disturbances  in  DA  neurotransmission  have  been  implicated  in  several  neuropsy¬ 
chiatric  disorders,  such  as  schizophrenia.  Although  it  has  been  recognized  that 
antipsychotic  drugs  primarily  block  DA  receptors,  it  is  unclear  which  precise  target  is 
involved.  Moreover,  the  favorable  therapeutic  effect  of  currently  used  antipsychotic 
drugs  is  often  impaired  by  severe  motor  and/or  endocrine  side  effects,  which  limit 
their  use.  The  possibility  that  blockade  of  the  various  DA  receptors  results  in 
different  clinical  effects,  for  instance,  favorable  versus  adverse  effects,  affords 
opportunities  to  select  more  efficient  and  safer  drugs. 

The  DA  receptor  subtypes  cannot  be  simply  classified  into  two  independent  and 
functionally  opposing  receptor  families,  because  they  have  been  shown  to  participate 
in  various  reciprocal  interactions.  In  spite  of  their  opposite  effects  on  cyclic  AMP 
formation,  Drlike  and  D2-like  receptors  display  cooperative  interactions  that  have 
been  extensively  illustrated  in  animal  behavioral  models.9  More  recently,  functional 
communication  at  the  molecular  level  between  Dj  and  D2  receptors  has  been 
suggested,10  possibly  involving  G-protein  interactions.11  Likewise,  the  D-.  receptor- 
induced  facilitation  of  D2  receptor-mediated  arachidonate  release12  indicates  that 
interacting  intracellular  signaling  pathways  may  also  account  for  synergism  between 

278 


SOKOLOFF  el  al. :  NOVEL  DOPAMINE  RECEPTOR  SUBTYPES 


279 


the  receptors  of  the  two  subfamilies.  On  the  other  hand,  D2-like  receptors  cannot  be 
regarded  just  as  homologous  and  functionally  related  isoreceptors.  We  show  here 
that  D2  and  D3  receptors,  two  likely  targets  for  antipsychotic  drugs,  display  distinct 
intracellular  signaling  pathways  in  a  heterologous  expression  system  and  distinct 
modes  of  regulation  in  brain  after  interruptions  of  DA  neurotransmission.  Further¬ 
more,  D2  and  D3  receptors  blockaded  by  antipsychotic  drugs  have  the  opposite 
effects  on  neurotensin/neuromedin  N  expression  in  nucleus  accumbens,  a  putative 
biochemical  index  of  antipsychotic  drug  effects.13-15  The  therapeutical  consequences 
of  this  dual  interaction  and  differential  regulation  will  be  examined  in  the  treatment 
of  schizophrenia,  a  disorder  characterized  by  the  occurrence  of  both  positive 
symptoms  (hallucinations,  delusions)  and  negative  symptoms  (impoverished  thought 
and  affect). 


table  i.  Comparison  of  Dissociation  Constants  of  Antipsychotic  Drugs  at  Cloned 
Dopamine  Receptor  Subtypes" 


Antipsychotic 

Agent 

Di-like  Receptors 

D2-like  Receptors 

Di  Receptor 

D5  Receptor 

D2  Receptor  D3  Receptor  D4  Receptor 

Haloperidol 

30 

40 

0.6 

3 

5 

Chlorpromazine 

16 

33 

2 

6 

37 

Thioproperazine 

- 

0.5 

1 

50 

Thioridazine 

- 

5 

8 

12 

Pimozide 

- 

- 

10 

ii 

43 

Sulpiride 

40,000 

80,000 

10 

20 

1,000 

Raclopride 

10,000 

- 

2 

4 

1,500 

Clozapine 

140 

250 

70 

300 

9 

(+)  UH232 

- 

- 

40 

10 

— 

"Dissociation  constants  expressed  in  nM.  Values  taken  from  references  26-28,  30,  34,  36, 


and  76. 


d2  and  d3  receptors  as  common  targets  for 

ANTIPSYCHOTIC  DRUGS 

Before  the  advent  of  molecular  biology,  it  had  been  generally  assumed  that 
neuroleptics  derived  their  antipsychotic  activity  from  the  blockade  of  a  single  D2 
receptor.16  Nevertheless,  the  recent  discovery  of  several  D2-like  receptor  subtypes 
raises  the  possibility  that  the  antipsychotic  effects  result  in  more  discrete  blockade  of 
a  particular  subtype.  We  compared  the  binding  data  in  the  literature  for  several 
antipsychotic  drugs  used  in  clinical  practice,  at  cloned  DA  receptors  subtypes 
(Table  1).  The  low  affinities  at  Drlike  receptors  of  several  antipsychotic  drugs, 
including  the  substituted  benzamides  sulpiride  and  raclopride  and  to  a  lesser  extent 
haloperidol,  indicate  that  blocking  of  these  receptors  is  probably  not  achieved  during 
treatment.  In  contrast,  antipsychotic  drugs  have  higher  affinities  at  receptors  of  the 
D2-like  subfamily:  D2  and  D3  receptors  appear  to  represent  common  targets  for  these 
drugs,  with  affinities  in  the  nanomolar  range  for  all  compounds  listed.  This  suggests 
that  antipsychotic  drugs  produce  their  clinical  effects  primarily  by  blocking  D2  and  D3 
receptors.  In  agreement,  the  study  of  brain  of  schizophrenic  patients  by  positron 
emission  tomography17  indicates  that  antipsychotic  drugs  at  clinically  active  dosages 
occupy  the  striatal  D2  receptor  by  65-85%,  a  figure  which  is  probably  not  very 
different  for  the  D3  receptor,  given  its  similar  pharmacological  properties.  In 
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addition,  both  D2  and  D3  receptors  are  highly  expressed  in  brain  limbic  structures,18 
where  DA  is  involved  in  various  aspects  of  behavior,  mood,  and  cognition  through  a 
feedback  with  cortical  activities.  Disturbances  at  this  level  may  participate  in  the 
etiology  of  schizophrenia.  However,  the  D2  receptor,  unlike  the  D3  receptor,  is  also 
highly  expressed  in  dorsal  striatum,  a  region  implicated  in  the  control  of  motor 
activity  and  in  the  pituitary,  where  DA  controls  prolactin  release.  This  suggests  that 
blockade  of  the  D2  receptor  also  produces  the  motor  and  endocrine  adverse  effects  of 
antipsychotic  drugs,  a  drawback  of  present  antipsychotic  medication  that  would  not 
meet  D3  receptor  blockers.  Clinical  assessment  of  putative  antipsychotic  compounds 
with  D3-preferring  affinity,  such  as  (+)  UH232  (Table  1),  will  allow  us  to  evaluate 
this  hypothesis. 

The  D4  receptor  also  recognizes  antipsychotic  drugs  with  high  affinity,  but  with  a 
much  higher  variability.  Particularly,  it  seems  unlikely  that  the  antipsychotic  proper¬ 
ties  of  raclopride19"21  are  due  to  the  blockade  of  the  D4  receptor,  for  which  this 
compound  has  a  very  low  affinity.22  Nonetheless,  clozapine,  an  atypical  antipsychotic 
drug  that  is  relatively  free  of  the  adverse  effects  of  drug-induced  parkinsonism  and 
tardive  dyskinesia,  binds  to  the  D4  receptor  with  an  affinity  at  least  10  times  higher 
than  to  other  DA  receptor  subtypes.  However,  it  should  be  noted  that  antipsychotic 
drugs,  such  as  clozapine,  have  additional  serotonergic,23  muscarinic,24  and  a-1 
adrenergic25  properties,  which  may  be  responsible  for  peculiar  pharmacological 
profiles  and/or  atypical  properties.  Hence,  it  has  been  suggested  that  atypical 
properties  correlate  with  dopamine  D2/serotonin  5HT2  receptor  pKi  ratios.2'  This 
latter  hypothesis  is  not  inconsistent  with  the  concept  of  a  specific  involvement  of  D2 
or  D3  receptors  in  antipsychotic  drug  effects,  if  serotonin  or  another  transmitter 
interacting  with  extrapyramidal  systems  may  prevent  the  negative  consequences  of 
dopamine  receptor  blockade  on  motor  control.  It  seems  likely,  indeed,  that  an 
atypical  antipsychotic  profile  may  be  achieved  in  more  than  one  way. 


A  FUNCTIONAL  IN  VITRO  MODEL  FOR  D3  RECEPTOR  ACTIVATION 

Heterologous  cell  expression  systems  allowed  us  to  identify  the  second  messen¬ 
ger  pathways  of  DA  receptor  subtypes.  The  Dj26"29  and  D530-31  receptors  stimulate 
adenylyl  cyclase,  whereas  D25-6  and  D47  inhibit  this  enzyme  activity.  The  D2  receptor 
is  functionally  coupled  to  additional  effector  systems:  it  decreases  Ca2+  influx  by 
activating  K+  channels  and  activates  phospholipase  C  in  some  cells,6  but  it  inhibits 
this  enzyme  in  other  systems.32  D2  receptors  also  activate  arachidonic  acid  release, 
provided  that  phospholipase  A2  is  stimulated  by  raised  intracellular  Ca2+.12-33  All 
these  effects  are  mediated  via  GTP-binding  proteins  (G-proteins)  of  the  Gi/G0 
group,  which  also  regulate  agonist  binding.  Binding  at  D2  and  D4  receptors  in 
membranes  is  generally  described  as  occurring  in  two  affinity  states,  the  high-affinity 
state  being  converted  into  the  low-affinity  state  by  GTP.5-34 

The  evidence  for  such  coupling  of  the  D3  receptor  to  G-proteins  has  long  been 
lacking.  In  various  transfected  cells,  including  transfected  fibroblasts  such  as  Chinese 
hamster  ovary  cells  (CHO),  no35  or  little8-36"38  GTP-induced  shift  in  agonist  affinity 
could  be  observed,  as  well  as  inconsistent  inhibition  of  adenylyl  cyclase36-37  and  weak 
activation  of  phospholipases.12-38  The  lack  of  indication  of  D3  receptor  coupling  to 
conventional  effector  systems  may  seem  paradoxical,  given  the  sequence  homology 
this  receptor  displays  with  the  D2  receptor  in  the  third  intracytoplasmic  loop,  a  part 
of  the  receptor  presumably  implicated  in  coupling  to  G-proteins.  One  possible 
explanation  is  that  the  recipient  cells  used  in  previous  studies  may  not  be  appropri¬ 
ate,  either  because  the  D3  receptor  is  incorrectly  processed  or  integrated  in  the 
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membrane  or  because  the  cells  do  not  express  the  adequate  G-protein  or  effector 

system.  .  . 

In  view  of  the  above  considerations,  we  sought  an  appropriate  recipient  cell  by 
transfecting  a  neuroblastoma-glioma  NG  108-15  hybrid  cell  line,39  the  neuronal 
origin  of  which  may  afford  a  repertoire  of  effectors  and  G-proteins  more  extended 
than  in  the  CHO  cell  line.  Accordingly,  in  contrast  with  this  latter  cell  line,  the 
transfected  NG108-15  cell  line  expresses  a  D3  receptor  that  exists  in  two  affinity 
states,  interconverting  by  GTP  analogs.  The  relevance  of  this  observation  to  the 
physiological  function  of  the  D3  receptor  is  indicated  by  the  similar  effects  found 
under  identical  experimental  conditions  in  membranes  of  lobules  9  and  10  of  rat 
cerebellum,  where  a  pure  population  of  constitutive  D3  receptors  can  be  studied.40 
Previous  observations  (P.  Sokoloff  and  C.  Pilon,  unpublished  results)  indicated  that 


FIGURE  1.  Effect  of  pertussis  toxin  (PTX)  on  stimulation  of  mitogenesis  induced  by  quin- 
pirole,  bradykinin  or  carbamylcholine.  Cells  were  pretreated  for  24  h  with  pertussis  toxin  (200 
ng/mL)  stimulated  by  0.1  pM  quinpirole  (LY),  1  pM  bradykinin  (BK)  or  100  pM  carbamylcho¬ 
line  (CC).  Mitogenesis  was  evaluated  by  measuring  [3H]thymidine  incorporation.  Results  are 
expressed  as  percent  of  radioactivity  incorporated  in  unstimulated  cells.  Asterisk  denotes  a 
significant  difference  ( p  <  0.002)  in  treated  cells  (hatched  columns)  versus  untreated  cells 
{open  columns)  by  the  Student’s  t  test. 


the  effects  of  guanylnucleotides  on  agonist  binding  at  D3  receptors  expressed  by 
transfected  CHO  cells  were  enhanced  by  co-transfecting  an  a-subunit  cDNA  of  G0. 
This  suggested  that  a  G-protein  of  this  type,  constitutively  expressed  in  the  NG 
108-15, 39  but  not  in  the  CHO  cell  line,41  naturally  couples  to  the  D3  receptor. 
Accordingly,  D3  receptor  stimulation  in  transfected  NG  108-15  increases  mitogenesis 
through  a  pertussis  toxin-sensitive  mechanism  (Fig.  1).  Previous  studies  have  indi¬ 
cated  that  a  wide  variety  of  G-protein-coupled  receptors  are  able  to  induce  mitogen¬ 
esis.42  Several  concomitant  and  interacting  mechanisms  probably  contribute  to 
mitogenesis,  which  complicates  the  identification  of  the  initial  second  messenger 
signaling  pathways  involved.  Potent  mitogenic  factors  either  increase  phosphatidyli- 
nositol  turnover  (see  Fig.  2  for  effects  of  bradykinin)  or  inhibit  forskolin-stimulated 
cyclic  AMP  formation  (see  Fig.  2  for  effects  of  carbamylcholine).  The  D3  receptor- 
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ADENYLATE  CYCLASE 


LY  BK  CC 


FIGURE  2.  Effects  of  quinpirole,  bradyki- 
nin  or  carbamylcholine  on  cyclic  AMP 
(top)  and  inositol  phosphate  (l bottom )  accu¬ 
mulations.  Cyclic  AMP  accumulation  was 
measured  in  cells  stimulated  by  10  jxM 
forskolin  (F).  LY,  quinpirole,  0.1  |xM;  BK, 
bradykinin,  1  p.M;  CC,  carbamylcholine, 
100  p.M.  Asterisk  denotes  a  significant 
difference  ( p  <  0.01)  versus  forskolin 
alone  (top  panel)  and  (p  <  0.001)  versus 
basal  level  (bottom  panel),  by  the  Stu¬ 
dent’s  t  test. 


induced  mitogenesis  does  not  appear  to  result  from  increased  production  of  phospho¬ 
lipase  C-associated  second  messengers  or  inhibition  of  adenylyl  cyclase  (Fig.  2). 
Nevertheless,  the  increase  of  diacylglycerol,  one  of  the  phospholipase  C  products 
that  activates  protein  kinases,  may  play  a  significant  role  in  D3  receptor-induced 
mitogenesis  because  a  phorbol  ester,  which  also  activates  protein  kinases,  potenti¬ 
ated  the  response.39  Thus,  the  D3  receptor  produces  mitogenesis  by  affecting  a  still 
unidentified  pathway,  through  a  pertussis  toxin-sensitive  mechanism. 

This  functional  model  now  allows  us  to  pharmacologically  characterize  a  D3 
receptor-mediated  response  (Table  2).  DA  receptor  agonists,  some  of  which  were 
previously  classified  as  autoreceptor-selective  agonists,  appear  as  full  D3  receptor 
agonists  with  subnanomolar  potencies;  (+)UH  232,  a  partially  selective  D3  receptor 
compound,  which  displays  in  animal  models  a  peculiar  behavioral  pattern  ascribed  to 
selective  autoreceptor  blockade,43  appears  now  as  a  reversible  D3  receptor  antago¬ 
nist.39  Taken  together,  these  pharmacological  data  support  the  previously  suggested 
hypothesis35  36  that  some  behavioral  and  biochemical  actions  of  DA  agonists  in  low 
dosages,  which  had  been  attributed  to  their  selective  interaction  with  DA  autorecep¬ 
tors,  may  actually  involve  the  D3  receptor.  In  addition,  not  only  the  D3  receptor  but 
also  the  D2  receptor  is  able  to  enhance  mitogenesis,  which  allowed  us  to  compare  the 
efficacies  of  various  agonists  at  these  two  receptors  in  similar  experimental  condi¬ 
tions  (Table  2).  It  is  clear  from  this  comparison  that  the  D3  receptor  selectivity  is 
much  lower  when  biological  activity  is  considered  than  in  binding  studies.  For 
example,  quinpirole  and  7-hydroxy  dipropyl  aminotetralin  (70H-DPAT),  which  are 
50  times  more  potent  in  binding  studies,  have  only  a  2-7  times  higher  potency  in  the 
functional  models.  This  suggests  that  attempts  to  identify  an  in  vivo  D3  receptor- 
mediated  response  by  using  only  agonists  that  displayed  D3  receptor  binding 
selectivity44"46  should  be  considered  with  caution.  It  remains  that  the  mitogenic 
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response  in  transfected  NG108-15  is  a  suitable  model  for  identifying  selective  D3 
receptor  agonists,  which  may  prove  useful  in  the  characterization  of  the  D3  receptor 
function  in  the  brain. 


d3  receptor-mediated  activation  of  THE  c -fos  gene  in 

TRANSFECTED  CELLS 

In  transfected  NG  108-15,  the  D3  receptor  stimulates  the  transcription  of  the 
proto-oncogene  c -fos,  as  measured  by  the  appearance  of  Fos  immunoreactivity  (Fig. 
3).  The  c -fos  gene,  an  immediate  early  gene  rapidly  and  transiently  expressed  in  a 
wide  variety  of  cell  types  including  neurons,47*48  constitutes  a  marker  for  cell  activity 
and  is  involved  in  cell  differentiation-proliferation  balance.49-51  Activation  of  c -fos  by 
a  DA  receptor  has  never  been  reported  in  transfected  cells,  even  though  c -fos  is 
activated  in  brain  upon  administration  of  indirect  DA  agonists  in  normal  animals52,53 
and  of  Dj  receptor  agonists  following  6-hydroxydopamine-induced  denervation  of 
the  striatum.54  Antagonists  of  D2-like  receptors,  that  is,  D2,  D3  or  D4  receptors,  also 
activate  c-fos  transcription  in  vivo, 55-58  suggesting  that  a  receptor  of  this  type  is 
tonically  and  negatively  coupled  to  c -fos  expression.  D2  receptor-mediated  inhibition 
of  both  cAMP  formation  and  of  calcium  channel  activity  presumably  contributes  to 
this  negative  coupling  by  counteracting  the  action  of  a  calcium /cAMP-depen dent 
responsive  enhancer  in  the  c-fos  gene.48  Such  a  process  may  be  relevant  for  the 
therapeutic  action  of  neuroleptics,  because,  although  “typical”  antipsychotic  drugs 
induce  c-fos  in  various  parts  of  the  striatal  complex,  including  those  involved  in  motor 
functions,  the  action  of  the  “atypical”  ones,  such  as  clozapine  and  remoxipride,  is 
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FIGURE  3.  Induction  of  Fos-like  immunoreactivity  by  quinpirole  in  transfected  NG  108-15 
cells.  Monolayer  cell  preparations  were  incubated  without  (A)  or  with  0.1  ijlM  quinpirole  for  30 
(B),  60  (C),  or  120  min  (D).  The  cells  were  stained  with  an  anti-Fos  polyclonal  antibody.  The 
intense  coloration  appearing  after  a  30-min  stimulation  by  quinpirole  is  restricted  to  nucleus, 
which  is  shown  in  (F)  at  a  higher  magnification,  whereas  unstimulated  cells  display  only  a 
diffuse  and  weak  coloration  (E). 
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restricted  to  the  limbic  parts  of  the  nucleus  accumbens,56-58  a  region  in  which 
disturbances  in  DA  neurotransmission  have  been  implicated  in  schizophrenia. 


OPPOSING  ROLES  FOR  D2  AND  D3  RECEPTORS  ON  NEUROTENSIN 
EXPRESSION  IN  NUCLEUS  ACCUMBENS 

In  contrast  with  the  D2  receptor,  the  D3  receptor  is  almost  absent  from  the  dorsal 
striatum;  like  the  D2  receptor,  however,  it  is  well  expressed  in  the  ventral  striatum, 
particularly  the  nucleus  accumbens. 18-40-59  We  have  compared  the  distributions  of  D2 
and  D3  receptor  mRNAs  in  accumbal  subterritories,  namely,  shell  and  core,  known 
to  display  distinct  cytochemical  features,  connections,  and  therefore  functions.60-62 
At  the  level  of  the  island  of  Calleja  major,  where  shell  and  core  subterritories  can  be 
easily  distinguished,  D3  receptor  mRNA  was  almost  exclusively  expressed  in  the 
shell,  whereas  the  D2  receptor  mRNA  was  expressed  in  the  core  as  well  as  in 
restricted  parts  of  the  shell  (Fig.  4).  As  in  other  brain  areas,18  however,  no  overlap  is 
found  between  D2  and  D3  receptor  mRNA  distributions  in  the  shell.  The  D3  receptor 
mRNA  is  expressed  in  the  ventromedial  area  of  the  shell  (ShV),  which  also  expresses 
neurotensin  (NT)  but  not  D2  receptor  mRNA,  whereas  the  reverse  situation  exists  in 
a  more  dorsal  shell  area  called  the  “cone”  (ShC  in  Fig.  4). 

Since  the  distribution  of  D3  receptor  and  NT/neuromedin  N  mRNAs  within  the 
ShV  seemed  to  overlap,  a  possible  colocalization  of  these  markers  was  assessed  in 
thin  successive  sections  (Fig.  4D  and  E).  Both  mRNAs  are  coexpressed  in  a 
subpopulation  of  medium-sized  neurons  representing  42%  of  the  NT  neurons  in  the 
analyzed  area.  In  comparison,  D3  receptor  mRNA  is  expressed  by  43%  of  the  total 
cellular  population  of  the  same  area.  Because  these  values  are  inherently  minimized, 
it  can  be  safely  concluded  that  a  major  proportion  of  NT  neurons  of  this  area  of  the 
shell,  known  to  heavily  project  to  the  ventromedial  pallidum,  express  the  D3  rather 
than  the  D2  receptor. 

In  the  absence  of  highly  selective  D3  receptor  ligands,  the  role  of  dopamine 
innervation  on  these  neurons  was  assessed  by  simultaneous  blockade  of  D?  and  D3 
receptors  using  haloperidol  or  sulpiride,  two  antipsychotic  drugs  with  a  D2-like 
selectivity  (Fig.  5),  in  rather  high  dosage.  In  agreement  with  previous  studies13-16-63 
these  agents  induced  a  marked  activation  of  NT  gene  expression  in  D2-receptor  rich 
areas,  for  example,  the  dorsal  striatum  (not  shown)  or  shell  cone  of  accumbens  (Fig. 
5).  In  contrast,  both  agents  induced  opposite  changes  in  the  ShV,  an  area  selectively 
expressing  D3  receptors;  therein  the  preexisting  NT  mRNA  signal  is  markedly 
decreased.  Thus,  in  subterritories  of  the  shell,  the  D3  receptor  may  exert  a  tonic 
stimulation  of  NT  expression,  an  effect  opposite  to  that  exerted  in  other  striatal 
divisions  by  the  D2  receptor.  Nevertheless,  the  increase  in  striatal  NT  expression 
triggered  by  antipsychotic  drugs  may  be  the  indirect  result  of  an  increase  in  DA 
neuron  firing,  mediated  by  D2  autoreceptor  blockade,  which  results  in  a  higher 
availability  of  DA  at  Dx  receptors.64  However,  SCH  23390,  a  selective  dopamine 
Di-like  receptor  antagonist,  do  not  induce  any  change  in  NT  mRNA  in  any  region  of 
the  nucleus  accumbens  (Fig.  4C),  supporting  the  involvement  of  a  D2-like  receptor 
in  the  regulation  of  NT  expression  in  this  region. 

A  D3  receptor-mediated  activation  of  NT  gene  transcription  is  consistent  with 
the  detection  of  spontaneously  expressed  transcripts  in  D3  receptor-rich  accumbal 
areas.  In  addition,  it  is  also  consistent  with  the  observations  that,  in  transfected 
NG-108-15  cells,  the  D3  receptor  promotes  activation  of  the  c -fos  gene,  whose 
product  is  known  to  activate  transcription  of  the  NT  gene  via  binding  to  its  API 
site.65 
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REGULATION  OF  THE  D3  RECEPTOR  AFTER  INTERRUPTION  OF 
DOPAMINERGIC  TRANSMISSION 

Prolonged  interruption  of  DA  neurotransmission  in  animals  by  chronic  treat¬ 
ment  with  neuroleptics  or  by  lesions  of  dopaminergic  neurons  results  in  behavioral 


FIGURE  4.  Expression  patterns  of  D2  and  D3  receptor  mRNAs  in  the  nucleus  accumbens  and 
comparison  with  neurotensin  (NT)  mRNA  in  control  animals.  Frontal  sections  performed  at 
1.2  mm  to  bregma  (Paxinos  and  Watson,  1982)  were  hybridized  with  [35S]labeled  cRNA  probes 
for  D3  receptor  (A),  NT  (B)  or  D2  receptor  (C).  Note  that  in  the  ventromedial  part  of  the  shell 
subdivision  of  the  nucleus  accumbens  (area  surrounded  by  a  rectangle  and  subsequently 
referred  to  as  ShV)  the  distribution  of  D3  receptor  mRNA  matched  the  expression  pattern  of 
NT  mRNA.  In  A  and  C,  the  microphotographs  were  obtained  under  darkfield  illumination.  On 
brightfield  microphotographs  of  3-p.m  sections  hybridized  with  the  D3  receptor  cRNA  probe 
(D)  and  corresponding  adjacent  section  hybridized  with  the  NT  cRNA  probe  (E)  at  the  level  of 
the  ventromedial  part  of  the  shell,  four  of  nine  neurons  present  on  both  sections  showed 
hybridization  signals  with  both  probes  and  are  indicated  by  arrows.  Ac,  anterior  commissura; 
Co,  core  subdivision  of  the  nucleus  accumbens;  ICj  M,  island  of  Calleja  Major;  ShC,  cone  part 
of  the  shell  subdivision;  ShV,  ventromedial  part  of  the  shell.  Bars  =  250  |xm  (A-C),  20  p.m 
(D,E). 

supersensitivity  to  DA  agonists  and  increased  number  of  receptors.66  Elevated  D2 
receptor  mRNA67-70  after  chronic  neuroleptic  treatment  is  direct  evidence  that 
enhanced  responsiveness  via  increase  in  DA  receptor  number  results  from  increased 
rate  of  synthesis  through  activation  of  gene  transcription.  It  is  generally  recognized, 
however,  that  no  tolerance  to  the  antipsychotic  activity  of  neuroleptics  develops  in 


286 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


FIGURE  5.  Effects  of  dopamine  receptor  antagonists  on  expression  of  NT  mRNA.  Frontal 
sections  taken  from  a  vehicle  (A)  or  a  haloperidol-treated  animal  (B)  were  hybridized  with  a 
neurotensin  (NT)  cRNA  probe.  Bar  =  500  p,m.  In  C,  autoradiograms  obtained  as  in  A  and  B 
from  6-8  sections  from  groups  of  3-5  rats  receiving  vehicle  (Ve),  haloperidol  (Ha),  sulpiride 
(Su)  or  SCH  23390  (Sc)  were  analyzed  with  an  image  analyzer  (Biocom  2000,  Les  Ulis,  France) 
in  the  ShV  and  the  ShC  subdivisions  as  delineated  in  A.  *p  <  0.005  as  compared  to 
vehicle-treated  rats  by  the  Mann-Whitney  U  test. 


schizophrenic  subjects,71  whereas  tolerance  to  the  motor  side  effects  is  progressively 
setting  in  the  course  of  the  treatment.  We  compared  the  effects  of  dopaminergic 
neuron  ablation  and  of  a  chronic  haloperidol  treatment  on  levels  of  D2  and  D3 
receptor  binding  and  mRNA  in  the  nucleus  accumbens.  After  a  two-week  treatment, 
haloperidol  enhanced  both  D2  receptor  mRNA  and  D2  receptor  binding  in  the 
nucleus  accumbens.  In  contrast,  neither  D3  receptor  binding  nor  mRNA  changed, 
suggesting  that  no  up-regulation  develops  at  this  receptor.  In  addition,  no  tolerance 
to  the  effect  of  haloperidol  on  the  activation  of  NT  expression  was  seen  (Table  3). 
This  observation  might  be  regarded  as  further  support  to  the  idea  that  the  D3 
receptor  is  an  important  target  for  antipsychotic  drugs.  In  contrast  with  their  motor 


table  2.  Comparison  of  Potencies  of  Dopamine  and  Agonists  at  D2  and  D3 
Receptors  in  Binding  and  Functional  Studies 


Agonist 

Receptor  Binding 
(Kj  values,  nM) 

Stimulation  of  [3H]Thymidine 
Incorporation 
(EC50  values,  nM) 

d2 

Receptor 

d3 

Receptor 

Kj(D2)/ 

Ki(D3) 

d2 

Receptor 

d3 

Receptor 

EC50(D2)/ 

EC5o(D3) 

Dopamine 

544 

23 

24 

20 

1.4 

15 

Apomorphine 

63 

73 

0.87 

2.3 

2.2 

1.1 

Quinpirole 

1,400 

39 

36 

2.8 

0.86 

3.3 

(  +  )7QH-DPAT 

103 

2.1 

49 

2.7 

0.39 

7.0 

Note:  Data  for  binding  at  D2  and  D3  receptors  were  taken  from  Sokoloff  et  al.36  EC50  values 
for  D2  and  D3  receptor-mediated  stimulation  of  mitogenesis,  evaluated  by  measuring  the 
incorporation  of  [3H]thymidine,  were  calculated  from  concentration-response  curves  obtained 
using  Chinese  hamster  "ovary  cells  transfected  with  the  rat  dopamine  D2  receptor  cDNA  and 
with  NG  108-15  cells  transfected  with  the  human  D3  receptor  cDNA,  respectively. 
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side  effects  which  progressively  diminish  during  long-term  treatments,  their  therapeu¬ 
tic  effects  do  not  show  any  impairment. 

Interestingly,  ablation  of  dopamine  neurons  by  6-hydroxydopamine  injection 
(Table  3)  or  medial  forebrain  lesions  (not  shown)  results  in  a  dramatic  but 
paradoxical  decrease  in  D3  receptor  expression  in  the  nucleus  accumbens.  This  effect 
is  not  reproduced  by  blockade  of  D,-like,  D2-like,  and  cholecystokinin  receptors, 
suggesting  that  a  messenger  molecule  released  from  catecholamine  neurons  but 
distinct  from  dopamine  or  its  co-transmitter72  cholecystokinin— is  necessary  to 
maintain  the  expression  of  the  D3  receptor  in  the  accumbens.  This  not  only  confirms 
that  D2  and  D3  receptors  are  opposites  in  terms  of  their  roles  and  regulation,  but  also 
suggests  that  identification  of  this  putative  messenger  molecule  will  constitute  a 
heuristic  research  area  in  the  pathophysiology  of  schizophrenia. 


table  3.  Effects  of  Interruptions  of  Dopamine  Neurotransmission  on  the 
Expression  of  D2  and  D3  Receptors  and  Neurotensin  in  the  Nucleus  Accumbens 


D2  Receptor _  _ P3  Receptor 


Treatment 

mRNA 

Binding 

mRNA 

Binding 

6-OHDA 

+59  ±  25° 

+42  ±  6“ 

-52  ±  10“ 

-54  ±  12b 

Haloperidol 

+61  ±  12ft 

+66  ±  6h 

-3  ±  20  ns 

+7  ±  4  ns 

Note:  In  the  lesion  study,  animals  received  a  unilateral  injection  of  6-hydroxydopamine 
(6-OHDA)  and  were  killed  3  weeks  later.  Treatment  with  haloperidol  consisted  of  either  twice 
daily  injections  of  haloperidol  (20  mg/kg)  for  2  weeks  when  D2  and  D3  receptor  mRNA  and 
binding  were  measured  or  a  single  injection  when  neurotensin  mRNA  was  measured.  Binding 
at  D2  and  D3  receptors  was  measured  using  [125I]iodosulpride74  and  [3H]70H-DPAT,42 
respectively.  mRNA  levels  were  measured  by  quantitative  PCR  with  internal  standards.75 
Neurotensin  mRNA  was  measured  by  analyzing  with  an  image  analyzer  the  autoradiograms 
obtained  in  in  situ  hybridization  experiments.  Data  are  percent  changes  over  mean  values 
obtained  in  contralateral  side  or  in  vehicle-treated  animals. 

»p  <  0.05  and  bp  <  0.01  by  the  Mann-Whitney  test;  ns,  not  significant. 


CONCLUSIONS 

Neuroleptics  share  the  common  characteristic  of  being  recognized  by  the  DA  D2 
and  D3  receptors,  the  blockade  of  which  may,  therefore,  represent  the  primary 
mechanism  for  antipsychotic  drug  action.  In  addition,  both  D2  and  D3  receptors  are 
well  expressed  in  brain  limbic  structures,  such  as  the  shell  part  of  the  nucleus 
accumbens,  where  DA  neurotransmission  is  involved  in  various  aspects  of  behavior, 
mood,  and  cognition  through  a  feedback  loop  controlling  cortical  activities.  Distur¬ 
bances  at  this  level  may  participate  in  the  etiology  of  schizophrenia. 

From  functional  studies,  it  appears,  however,  that  D2  and  D3  receptors  act  in 
opposite  directions  in  the  nucleus  accumbens.  The  D2  receptor  exerts  a  tonic 
inhibition  on  c-fos  and  neurotensin  gene  transcriptions,  whereas  the  D3  receptor 
tonically  stimulates  NT  expression  and  promotes  c-fos  expression,  at  least  in  trans¬ 
fected  cells.  That  DA  exerts  opposite  effects  via  D2  and  D3  receptors  is  consistent 
with  data  of  behavioral  studies  in  rodents;  agonists  of  D2-like  receptors  (i.e.,  D2,  D3 
or  D4)  induce  contrasting  locomotor  manifestations  when  applied  in  different 
accumbal  subterritories.73  In  addition,  the  partially  selective  D3-antagonists  AJ  76 
and  UH  232  trigger,  in  low  dosage,  paradoxical  behavioral  activations,  originally 
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attributed  to  autoreceptor  blockade  because  they  resemble  those  of  D2  agonists;  at 
somewhat  higher  dosage,  however,  these  experimental  drugs  induce  the  behavioral 
disruptions  characteristic  of  neuroleptics,  that  is,  preferential  D2  antagonists.43 

The  discovery  of  the  dual  effects  of  D2  and  D3  receptors  on  accumbal  neurons 
may  be  relevant  to  the  treatment  of  schizophrenia.  Neuroleptics  are  more  effective  in 
alleviating  positive  symptoms  such  as  hallucinations  and  delusions,  than  negative 
symptoms  such  as  impoverished  thought  and  affect.  The  occurrence  of  these  distinct, 
even  opposite,  manifestations,  sometimes  in  the  same  patient,  suggests  that  the 
antipsychotic  drugs  do  not  normalize  a  single  overactive  dopaminergic  pathway.  The 
D2  preference  of  the  drugs  presently  available  might  be  responsible  for  the  greater 
efficiency  of  these  drugs  against  positive  rather  than  negative  symptoms,  and,  in 
addition,  with  the  drug-induced  deficient  symptoms  in  patients  with  schizophrenia. 
The  forthcoming  introduction  in  clinics  of  first  D3  receptor  selective  antagonists  may 
contribute  to  the  improvement  in  the  treatment  of  schizophrenia. 
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In  adult  experimental  animals,  6-hydroxydopamine  (6-OHDA)  lesions  that  destroy 
more  than  90%  of  the  dopamine  (DA)  afferents  to  the  neostriatum  entail  a 
dysfunction  that  resembles  Parkinson’s  disease  in  the  human.1-3  Sensorimotor 
neglect,  aphagia,  adipsia,  cognitive  alterations,  and  postural  abnormalities  character¬ 
ize  this  behavioral  syndrome  in  the  rat .V6  Even  after  severe  nigrostriatal  6-OHDA 
lesion,  however,  considerable  recovery  of  function  may  occur,  associated  with 
modified  properties  of  the  spared  DA  terminals,  including  increases  in  DA  synthe¬ 
sis,7-8  metabolism,9  and  fractional  efflux.10  Supersensitivity  of  neostriatal  DA  recep¬ 
tors  has  also  been  reported  as  another  factor  accounting  for  some  functional 
recovery  in  these  animals.11,1*  On  the  other  hand,  following  an  extensive  nigrostriatal 
DA  denervation  but  carried  out  in  neonates,  the  rats  reach  adulthood  with  only 
minor  sensorimotor  and  ingestive  deficits.13,14  Among  mechanisms  underlying  this 
functional  sparing,  a  major  reorganization  of  the  neostriatal  circuitry  has  been 
proposed,  as  evidenced  by  the  striking  serotonin  (5-HT)  hyperinnervation  that  then 
takes  place  in  the  rostral  half  of  neostriatum.15-18  Moreover,  autoradiographic 
evidence  has  been  obtained  suggesting  that  up-regulation  of  certain  5-HT  receptors 
might  be  associated  with  5-HT  hyperinnervation,  at  least  in  conditions  of  homotypic 
sprouting  after  5,7-dihydroxytryptamine  lesion.19  The  neonatally  6-OHDA-lesioned 
rat  provided  an  interesting  opportunity  to  investigate  eventual  regulations  of  DA  and 
5-HT  receptors  in  a  model  of  5-HT  hyperinnervation  unassociated  with  prior  lesion 
of  the  5-HT  system.  We  therefore  used  quantitative  autoradiography  after  radioli¬ 
gand  binding  to  examine  the  amount  and  distribution  of  dopamine  Di  and  D2 
receptors  and  of  some  of  the  known  5-HT  receptor  subtypes,  in  the  brain  of  adult  rats 
subjected  to  nigrostriatal  6-OHDA  lesion  soon  after  birth.  It  was  expected  that  the 
localization  of  eventual  changes  within  the  neostriatum  and  related  brain  regions 
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table  i.  Concentration  of  Aromatic  Monoamines  in  the  Neostriatum  of  Control 
and  Neonatally  6-OHDA-Lesioned  Rats" 


Region 

DA 

DOPAC 

HVA 

3-MT 

5-HT 

5-HIAA 

Rostral  neostriatum 

Control 

99.7  ±  8.8 

65.6  ±  9.7 

14.3  ±  1.0 

6.6  ±  1.0 

3.3  ±  0.40 

7.4  ±  1.0 

Lesioned 

0.04  ±  0.02 

0.50  ±  0.20 

0.10  ±  0.02 

0.10  ±  0.01 

5.2  ±  0.80 

24.1  ±  3.0 

%  change 

1  99.9 

1  99.3 

199.2 

198.6 

t  56.8 

t  225.7 

*** 

*  *  * 

*  *  * 

*  *  * 

*** 

*  * 

Caudal  neotriatum 

Control 

46.3  ±  9.3 

34.7  ±  7.2 

7.4  ±  1.0 

4.2  ±  0.70 

9.5  ±  1.2 

24.4  ±  5.0 

Lesioned 

0.30  ±  0.09 

0.90  ±  0.20 

0.10  ±  0.05 

0.10  ±  0.02 

9.8  ±  1.3 

30.7  ±  3.5 

%  change 

|99.3 

1 91 A 

198.1 

198.6 

1 3.2 

t  25.8 

*  *  * 

*  *  * 

*** 

**  * 

n.s. 

n.s. 

Abbreviations :  DA,  dopamine;  DOPAC,  3,4-dihydroxyphenylacetic  acid;  HVA,  homovanillic 
acid;  3-MT,  3-methoxytyramine;  5-HT,  serotonin;  5-HIAA,  5-hydroxyindole-3-acetic  acid. 

“Values  are  mean  ±  SEM  (n  =  12)  in  ng/mg  protein.  *p  <  0.05,  **p  <  0.01  and  ***p  < 
0.001,  by  Student’s  t  test.  (From  Dewar  et  al  ~  Reproduced,  with  permission,  from  Brain 
Research. ) 


might  shed  some  light  on  possible  regulatory  interactions  between  these  two  mono¬ 
amine  systems. 


MONOAMINE  METABOLISM  IN  ADULT  NEOSTRIATUM 
AFTER  NEONATAL  6-OHDA  LESION 

The  experiments  were  carried  out  in  normal  control  and  adult  Sprague-Dawley 
rats  (Charles  River,  Montreal)  subjected  as  3-day-old  pups  to  bilateral  intraventricu¬ 
lar  administration  of  6-OHDA  (Sigma,  St.  Louis,  MO).  Fifty  micrograms  of  6-OHDA 
(free  base)  were  delivered  in  each  lateral  ventricle  after  systemic  pretreatment  with 
desipramine  (Sigma),  to  protect  noradrenaline  neurons.2^22 

As  repeatedly  demonstrated  after  such  lesions, 315’17’22-26  the  neonatal  administra¬ 
tion  of  6-OHDA  led  to  profound  depletions  of  DA  and  its  metabolites,  3,4-dihy¬ 
droxyphenylacetic  acid  (DOPAC),  homovanillic  acid  (HVA),  and  3-methoxy- 
tyramine  (3-MT),  in  the  neostriatum  of  3-month-old  animals  (Table  1).  Similar 
depletions  have  been  documented  as  early  as  15  and  30  days  after  the  6-OHDA 
lesion22  and  up  to  six  months.23  It  has  also  been  shown  recently  that,  1  and  3  months 
after  the  lesion,  specific  [3H]BTCP  binding  to  neostriatal  DA  uptake  sites  was 
reduced  to  about  2%  of  control  values.26  In  this  latter  study,  the  synthesis  rate  of  DA 
in  the  spared  DA  terminals  was  confirmed  to  be  greatly  enhanced,  and  neostriatal 
DA  catabolism  was  found  to  be  switched  from  DOPAC  to  HVA  production.26  Such  a 
change  presumably  reflected  a  higher  fractional  release  of  DA  together  with  a 
decreased  capacity  for  DA  uptake,  leading  to  preferential  extracellular  DA  degrada¬ 
tion  by  catechol-O-methyltransferase  as  opposed  to  intraneuronal  degradation  by 
MAO. 

In  the  case  of  5-HT,  considerable  increases  in  5-HT  and  5-hydroxyindole-3-acetic 
acid  (5-HIAA)  levels  were  measured  in  the  rostral  but  not  the  caudal  half  of 
neostriatum  (Table  1).  In  two  separate  studies,  such  increases  were  already  appar¬ 
ent  after  1  month  of  survival.22'26  The  most  recent  investigation  also  indicated  that 
neither  5-HT  synthesis  nor  catabolism  were  concomitantly  affected.  However,  inas- 
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much  as  the  density  of  specific  [3H]citalopram  binding  to  neostriatal  5-HT  uptake 
sites  was  not  significantly  increased  at  1  month,  and  less  increased  than  the 
corresponding  5-HT  concentration  at  3  months,  it  was  concluded  that  the  amount  of 
5-HT  per  5-HT  terminal  had  risen  prior  to  the  5-HT  hyperinnervation  and  remained 
elevated  thereafter.26  Such  an  elevation  in  5-HT  steady-state  level  might  be  the  result 
of  an  inhibition  of  5-HT  release  mediated  by  5-HT1B  autoreceptors  (see  below). 


QUANTITATIVE  DISTRIBUTION  OF  MONOAMINE  RECEPTORS 
AFTER  NEONATAL  6-OHDA  LESION 

Dopamine  Di  and  D2  as  well  as  serotonin  5-HTiA,  5-HTiB,  5-HTlnonAB,  and 
5-HT2A  receptors  were  measured  by  quantitative  autoradiography  according  to 
well-established  procedures.23-24-27"29  Details  of  the  respective  incubation  conditions 
are  given  in  legends  of  Tables  2-7.  After  incubation,  film  autoradiographs  were 
prepared  and  exposed  for  3  days  ([125I]  ligands)  or  several  weeks  ([3H]  ligands). 
Densitometric  readings  were  made  with  an  image  analysis  system  (MCID®,  Imaging 
Research,  Ontario,  Canada),  in  the  rostral  and  caudal  halves  of  neostriatum  and 
other  anatomical  regions  of  interest,  selected  according  to  the  receptor  subtype 
investigated.  Standard  curves  from  [3H]-  or  [125I]-Microscales®  were  used  to  convert 
density  levels  into  femtomoles  per  milligram  of  protein  (fmol/mg  protein).  Multiple 
readings  (6-25)  were  made  in  each  region  and  the  mean  density  measured  from  at 
least  six  sections  per  region  per  rat.  Nonspecific  binding  was  determined  in  adjacent 
sections  and  specific  binding  obtained  by  subtracting  nonspecific  from  total  binding. 
Each  receptor  subtype  was  studied  in  at  least  four  lesioned  and  four  control  rats. 


Decreased  D,  Receptors  in  Rostral  Neostriatum 

As  shown  in  Figure  1,  the  density  of  dopamine  Dj  receptors  labeled  with 
[3H]SCH  23390  was  uniformly  high  in  the  rostral  neostriatum  of  controls,  and  less 
dense  in  the  caudal  half  of  neostriatum  as  well  as  in  the  substantia  nigra.  In 
neonatally  lesioned  rats,  there  was  a  slight  decrease  by  comparison  to  control  in  the 
rostral  but  not  the  caudal  half  of  neostriatum  (Table  2).  A  slight  apparent  increase 
in  the  substantia  nigra  of  lesioned  rats  was  not  statistically  significant. 


table  2.  Dj  Receptors  in  Control  and  Neonatally  6-OHDA-Lesioned  Rats 


Region 

Control 

Lesioned 

%  Change 

Rostral  neostriatum 

1912  ±  31a 

1500  ±  213 

j  22* 

Caudal  neostriatum 

1299  ±  135 

1300  ±  141 

0 

Substantia  nigra 

1304  ±  229 

1484  ±  175 

1 13 

Note:  Dopamine  Di  receptors  were  labeled  with  the  antagonist  [3H]SCH  23390  (DuPont, 
73.2  Ci/mmol).  Sections  were  first  preincubated  at  25  °C  for  30  min  in  50  mM  Tris-HCl  buffer 
(pH  7.4)  containing  120  mM  NaCl,  5  mM  KC1, 2  mM  CaCl2,  and  1  mM  MgCl2.  They  were  then 
incubated  for  60  min  in  the  same  buffer  with  1  nM  [3H]SCH  23390  in  the  presence  of  100  nM  of 
ketanserin  to  prevent  binding  of  the  ligand  to  5-HT  receptors.  Nonspecific  binding  was 
determined  in  adjacent  sections  incubated  with  the  radioligand  in  the  presence  of  30  u-M 
(±)SKF  38393  hydrochloride.22-24  Values  are  mean  ±  SD  in  fmol/mg  protein.  (From  Radja  et 
al.24  Reproduced,  with  permission,  from  Neuroscience. ) 

“p  <  0.001  for  caudal  versus  rostral  neostriatum,  by  Student’s  t  test. 
bp  <  0.01  for  lesioned  versus  control,  by  Student’s  t  test. 
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table  3.  D2  Receptors  in  Control  and  Neonatally  6-OHDA-Lesioned  Rats 


Region 

Control 

Lesioned 

%  Change 

Rostral  neostriatum 

Dorsolateral 

175  ±  13 

223  ±  20 

T  zr 

Dorsomedian 

126  ±  10 

162  ±  25 

T  28b 

Ventrolateral 

161  ±  8 

198  ±8 

1 23“ 

Ventromedian 

116  ±  9 

128  ±  26 

1 10 

Caudal  neostriatum  _  . 

Dorsal 

84  ±  9 

102  ±  10 

T 

Medial 

120  ±  6 

153  ±  22 

t  27h 

Ventral 

137  ±  25 

193  ±  29 

t  4lb 

Substantia  nigra 

66  ±  4 

13  ±7 

|80fl 

Note:  Dopamine  D2  receptors  were  labeled  with  the  antagonist  [3H]raclopride  (DuPont,  63 
Ci/mmol)  Sections  were  first  preincubated  at  25  °C  for  30  min  in  50  mM  Tris-HCl  buffer  (pH 
7.4)  containing  120  mM  NaCl  and  5  mM  KC1,  and  then  incubated  for  60  min  in  the  same  buffer 
with  2  nM  [3H]raclopride.  Nonspecific  binding  was  determined  in  adjacent  sections  incubated 
with  the  radioligand  in  the  presence  of  300  |xM  (±)sulpiride.22,24  Values  are  mean  ±  SD  in 
fmol/mg  protein.  (From  Radja  et  al.2A  Reproduced,  with  permission,  from  Neuroscience.) 
ap  <  0.01  and  bp  <  0.05,  by  Student’s  t  test. 

Earlier  measurements  of  Di  receptor  binding  after  neonatal  6-OHDA  lesion  had 
shown  slight  increases,30  dramatic  losses31  or  no  changes3233  in  the  number  of  these 
sites,  perhaps  due  to  different  degrees  of  DA  denervation  in  different  conditions  of 
6-OHDA  administration.  In  those  and  the  present  studies,  the  DA  lesions  were 
carried  out  at  a  postnatal  age  when  the  rat  neostriatum  is  only  partly  DA  inner¬ 
vated,34  but  a  significant  proportion  (60—70%)  of  D]  receptors  is  already  measur¬ 
able.3’035  Since  major  developmental  changes  occur  during  the  first  postnatal  week, 
not  only  in  the  patch  and  matrix  distribution  of  the  neostriatal  DA  innervation,  but 
also  in  that  of  its  D!  receptors,35  the  exact  time  when  the  lesion  is  made  may  be  a 
critical  factor.  After  6-OHDA  lesions  in  the  adult,  significant  losses  of  Dj  receptors 
were  observed  in  the  neostriatum,  as  if  independent  from  the  presence  of  DA.36 
These  losses  are  not  reversed  by  transplantation  of  fetal  mesencephalic  neurons.  On 
the  other  hand,  disruption37  or  blockade38  of  DA  neurotransmission  has  been  shown 
to  increase  Dj  receptor  number.  The  Di  receptor  decrease  after  neonatal  DA 
denervation  might  therefore  be  imputable  to  removal  of  the  DA  innervation  itself 
rather  than  to  the  decreased  availability  of  DA.  Indeed,  following  neonatal  DA 


table  4.  5-HT1A  Receptors  in  Control  and  Neonatally  6-OHDA-Lesioned  Rats 

Region 

Control 

Lesioned 

%  Change 

Lateral  septum 

672  ±  39 

705  ±  44 

T5 

CAl  region 

530  ±  83 

564  ±  67 

T6 

Dentate  gyrus 

716  ±  45 

666  ±  79 

f  7 

Dorsal  raphe 

390  ±  36 

411  ±  14 

16 

Note:  Serotonin  5-HTia  receptors  were  labeled  with  the  agonist  [3H]8-hydroxy-2-(di-n- 
propylamino)tetralin  or  [3H]8-OH-DPAT  (DuPont,  63  Ci/mmol).  Sections  were  first  premcu- 
bated  at  25  °C  for  30  min  in  170  mM  Tris-HCl  buffer  (pH  7.6)  and  then  incubated  for  60  min  in 
the  same  buffer  with  2  nM  [3H]8-OH-DPAT.  Nonspecific  binding  was  determined  in  adjacent 
sections  incubated  with  the  radioligand  in  the  presence  of  10  pM  unlabeled  5-HT  creatinine 
sulfate.23  Values  are  mean  ±  SD  in  fmol/mg  protein.  (From  Radja  et  al 23  Reproduced,  with 
permission,  from  Brain  Research.) 
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table  5.  5-HTib  Receptors  in  Control  and  Neonatally  6-OHDA-Lesioned  Rats 


Region 

Control 

Lesioned 

%  Change 

Rostral  neostriatum 

8.2  ±  1.8 

10.8  ±  1.0 

|32fl 

Caudal  neostriatum 

7.2  ±  1.9 

9.6  ±  0.9 

t  33a 

Substantia  nigra 

24.7  ±  3.5 

38.0  ±  7.4 

f546 

Globus  pallidus 

22.7  ±  4.2 

30.3  ±  4.3 

t  33a 

Dorsal  subiculum 

28.1  ±  6.5 

28.2  ±  5.1 

0 

Note:  Serotonin  5-HTib  receptors  were  labeled  with  the  antagonist  [125I]cyanopindolol 
(DuPont,  2200  Ci/mmol).  Sections  were  first  preincubated  at  25  °C  for  30  min  in  170  mM 
Tris-HCl  buffer  (pH  7.6)  containing  150  mM  NaCl,  and  then  incubated  for  120  min  in  the  same 
buffer  with  12  pM  [125I]cyanopindolol.  Nonspecific  binding  was  determined  in  adjacent  sections 
incubated  with  the  radioligand  in  the  presence  of  10  |xM  unlabeled  5-HT  creatinine  sulfate.23 
Values  are  mean  ±  SD  in  fmol/mg  protein  (From  Radja  et  a l 23  Reproduced,  with  permission, 
from  Brain  Research. ) 

ap  <  0.05  and6/?  <  0.01,  by  one-way  analysis  of  variance. 


denervation,  extracellular  levels  of  neostriatal  DA  have  been  shown  to  exceed  the 
values  expected  from  the  extent  of  DA  denervation,39  in  keeping  with  the  increased 
turnover  within  the  residual  or  spared  DA  terminals.26 

The  localization  of  the  D!  receptor  decrease  to  the  rostral  half  of  neostriatum 
suggested  a  relationship  with  the  5-HT  hyperinnervation  that  also  predominates  in 
this  part  of  neostriatum.  5-HT  has  already  been  shown  to  inhibit  DA  release  from 
neostriatal  slices  acting  through  5-HT2A  receptors,40  which  are  known  to  be  subject 
to  up-regulation  in  the  present  model  (see  below).  However,  because  the  present  Di 
receptor  decrease  takes  place  in  a  DA-denervated  neostriatum,  a  more  direct 
interaction  at  the  level  of  the  expression  of  the  two  receptors  is  likely  to  be  the  cause. 

Although  the  changes  in  Di  receptors  were  restricted  to  the  rostral  neostriatum 
and  consisted  of  a  down-regulation,22  24  they  were  accompanied  by  an  increase  in  the 
responsiveness  of  neostriatal  neurons  to  the  iontophoretic  application  of  DA  or  the 
D!  receptor  agonist,  SKF  38393.24  Such  an  observation  was  in  agreement  with 
previous  demonstrations  of  behavioral  hypersensitivity  to  DA4142  and  to  a  Dj 
receptor  agonist43  after  adult  lesions,  presumably  unassociated  with  Dj  receptor 
increases.22  32’33  This  lack  of  correlation  between  sensitivity  to  receptor  agonists  and 


TABLE  6.  5-HTln0nAB  Receptors  in  Control  and  Neonatally  6-OHDA-Lesioned  Rats 


Region 

Control 

Lesioned 

%  Change 

Rostral  neostriatum 

163  ±  19 

225  ±  37 

f  38“ 

Caudal  neostriatum 

160  ±  33 

216  ±  26 

t  35“ 

Substantia  nigra 

262  ±  17 

394  ±  48 

1 506 

Globus  pallidus 

197  ±  45 

212  ±  35 

f  8 

Choroid  plexus 

699  ±  35 

727  ±  14 

1 4 

Note:  Other  serotonin  5-HT]  receptors  (nonAB)  were  labeled  with  [3H]serotonin  creatinine 
sulfate  or  [3H]5-HT  (Amersham,  25  Ci/mmol).  Sections  were  first  preincubated  at  25  °C  for  30 
min  in  170  mM  Tris-HCl  buffer  (pH  7.6),  and  then  incubated  for  60  min  in  the  same  buffer  with 
2  nM  [3H]5-HT,  0.01%  ascorbic  acid,  10  p.M  fluoxetine  and  10  p.M  pargyline.  Pindolol  (1  p.M) 
was  added  to  occlude  5-HTiA  and  5-HTiB  sites.  Nonspecific  binding  was  determined  in  adjacent 
sections  incubated  with  the  radioligand  in  the  presence  of  10  p.M  unlabeled  5-HT  creatinine 
sulfate.23  Values  are  mean  ±  SD  in  fmol/mg  protein.  (From  Radja  et  alP  Reproduced,  with 
permission,  from  Brain  Research.) 
ap  <  0.05  and6/?  <  0.01,  by  one-way  analysis  of  variance. 
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table  7.  5-HT2A  Receptors  in  Control  and  Neonatally  6-OHDA-Lesioned  Rats 


Region  Control  Lesioned 


Claustrum  3.3  ±  0.4  3.5  ±  0.7 

Nucleus  accumbens  2.3  ±  0.7  2.4  ±  0.2 

Rostral  neostriatum  1.5  ±  0.3  2.4  ±  0.2 

Caudal  neostriatum  2.3  ±  0.3b  2.4  ±  0.8 

Choroid  plexus  1.2  ±  0.1  1.3  ±  0.2 


%  Change 

T6 
f  4 
t  60“ 
t  4 
T8 


Note:  Serotonin  5-HT2A  receptors  were  labeled  with  the  agonist  [125I](2,5-dimethoxy-4- 
iodophenyl)-2-aminopropane  or  [125I]DOI  (DuPont,  2200  Ci/mmol).  Sections  were  first 
preincubated  at  25  °C  for  30  min  in  50  mM  Tris-HCl  buffer  (pH  7.4)  containing  4  mM  CaCl2, 
01%  ascorbic  acid  and  0.1%  bovine  serum,  and  then  incubated  for  90  min  in  the  same  buffer 
with  200  pM  [I25I]DOI  in  the  presence  of  30  nM  unlabeled  5-HT  to  occlude  5-HT2C  sites. 
Nonspecific  binding  was  determined  in  adjacent  sections  incubated  with  the  radioligand  in  the 
presence  of  4  mM  unlabeled  5-HT  creatinine  sulfate.23  Values  are  mean  ±  SD  in  fmol/mg 
protein.  (From  Radja  etal.23  Reproduced,  with  permission,  from  Brain  Research. ) 

“p  <  0.01,  by  one-way  analysis  of  variance. 
bp  <  0.05,  for  caudal  versus  rostral  neostriatum. 


receptor  measurements  by  radioligand  binding  might  be  attributed  to  the  presence  of 
spare  receptors  in  neostriatum.44  On  the  other  hand,  the  effect  of  DA  receptor 
agonists  might  be  more  dependent  on  the  efficiency  of  the  transducing  mechanisms 
in  target  neurons  than  on  binding  parameters,  that  is,  number  and/or  affinity  of  the 
receptors.45  It  has  also  been  shown  that  after  neonatal  DA  denervation,  D,  receptor- 
coupled  adenylyl  cyclase  activity  may  be  enhanced  without  changes  in  the  number  or 
affinity  of  Di  receptors.33  Earlier  studies  in  adult  rats  chronically  treated  with  the  Di 
receptor  antagonist  SCH  23390  have  also  shown  considerable  increases  in  adenylyl 
cyclase  activity  dissociated  from  a  slight  increase  in  D;  receptors.46  Conversely,  and 
within  a  broader  perspective,  chronic  lithium  in  adult  rats  causes  important  de¬ 
creases  in  DA-activated  adenylyl  cyclase  activity  unassociated  with  changes  in 
receptor  antagonist  binding  parameters.47  Altogether,  these  and  other  studies  indi¬ 
cate  a  clear-cut  dissociation  between  functional  properties  and  receptor  binding 
parameters.  In  the  case  of  the  neonatally  6-OHDA-lesioned  rat,  the  behavioral 
hypersensitivity  to  DA  receptor  agonists, 32-48-49  as  well  as  the  increased  responsive¬ 
ness  of  neostriatal  neurons  to  iontophoresed  DA  and  SKF  38393,24  may  therefore 
depend  on  the  activation  of  transducing  mechanisms  rather  than  on  the  properties  of 
the  receptor-ligand  recognition  site. 


Increased  D2  Receptors 

Considerable  increases  were  found  in  specific  [3H]raclopride  binding  throughout 
the  neostriatum  of  neonatally  6-OHDA-lesioned  versus  control  rats  (Fig.  2).  These 
increases  were  significant  in  three  quadrants  of  the  rostral  neostriatum  (dorsolateral, 
dorsomedial,  and  ventrolateral)  as  well  as  in  the  dorsal,  medial,  and  ventral  thirds  of 
the  caudal  neostriatum  (Table  3).  As  previously  shown,50  medial-to-lateral  and 
dorsal-to-ventral  increasing  gradients  in  [3H]raclopride  binding  are  respectively 
observed  in  the  rostral  and  caudal  neostriatum  of  controls.  These  gradients  were  still 
present  in  the  increasingly  labeled  neostriatum  after  neonatal  lesion.  The  density  of 
D2  receptors  in  the  substantia  nigra  of  the  controls  was  about  half  that  of  the 
neostriatum  as  a  whole.  As  already  described,  after  adult  lesions5  ['Hjraclopride 
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binding  was  markedly  decreased  in  the  substantia  nigra  of  the  neonatally  6-OHDA- 
lesioned  rats. 

The  increase  in  neostriatal  [3H]raclopride  binding,  presumably  representing  an 
up-regulation  of  D2  receptors,22  was  approximately  the  same  in  all  portions  of  the 
rostral  and  caudal  neostriatum  (Table  3),  suggesting  a  common  regulatory  mecha¬ 
nism  operating  at  the  same  rate  and/or  efficiency  throughout  this  part  of  brain.  The 
widespread  neostriatal  increase  in  D2  receptor  density  was  not  accompanied  by  a 
parallel  elevation  of  D2  receptor  mRNA  levels.24  At  the  time  of  the  lesion,  D2 
receptor  mRNA  levels  had  presumably  reached  only  60-75%  of  control  adult 
values.52  The  development  of  a  normal  expression  level  of  D2  receptor  mRNA  in  the 
absence  of  DA  innervation  has  already  been  reported.53-54 

In  adult  rat,  increases  in  neostriatal  D2  receptors  with  no  changes  in  mRNA 
levels  have  been  measured  after  chronic  blockade  with  haloperidol.52  55  56  Decreases 
in  D2  receptors  in  the  neostriatum  of  aged  rats  are  less  severe  than  decreases  in 
mRNA  levels,57  and  could  reflect  posttranscription  al  changes  of  this  receptor.58 
Although  the  mechanisms  implicated  in  the  regulation  of  mRNA  and  protein  levels 
for  the  D2  receptor  remain  to  be  clarified,  one  can  propose  that  the  turnover  of  the 
D2  receptor  protein  in  the  neonatal  DA-denervated  neostriatum  is  reduced,  perhaps 


CONTROL  LESIONED 


FIGURE  1.  D,  receptors  ([3H]SCH  23390  binding)  in  control  and  neonatally  6-OHDA- 
lesioned  rats.  In  the  control  (a,  c,  e),  Di  receptors  are  abundant  in  both  the  rostral  (rNS)  and 
caudal  (cNS)  halves  of  neostriatum  as  well  as  in  the  substantia  nigra  (SN).  After  neonatal 
6-OHDA  lesion  (b,  d,  f),  slight  but  significant  decreases  are  observed  in  the  rNS.  See  Table  2 
for  quantitative  data. 
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because  of  a  lack  of  internalization  and/or  removal  from  the  neuronal  membrane 
surface.  If  D2  receptor  protein  synthesis  is  maintained  at  a  normal  rate  but  removal 
or  inactivation  is  diminished,  this  will  lead  to  an  increased  density  of  surface  D2 
receptors,  although  not  necessarily  to  an  increased  number  of  functional  receptors, 
because  these  have  to  be  adequately  coupled  to  their  transducing  mechanisms. 

The  D2  receptor  increase  in  the  neonatally  DA-denervated  neostriatum  did  not 
modify  the  sensitivity  of  neostriatal  neurons  to  iontophoresed  PPHT,  a  potent  D2 
receptor  agonist.24  This  observation  was  consistent  with  earlier  studies  showing  only 
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FIGURE  2.  D?  receptors  ([3H]raclopride  binding)  in  control  and  neonatally  6-OHDA-lesioned 
rats.  In  the  control  (a,  c,  e),  D2  receptors  show  a  medial-to-lateral  increasing  gradient  in  the 
rostral  half  of  neostriatum  (rNS),  and  a  dorsal-to-ventral  increasing  gradient  in  its  caudal  half 
(cNS).  A  lower  binding  density  is  observed  in  the  substantia  nigra  (SN).  After  neonatal 
6-OHDA  lesion  (b,  d,  f),  moderate  increases  are  observed  in  both  the  rNS  and  cNS,  and  a 
marked  decrease  in  the  SN.  See  Table  3  for  quantitative  data. 

slight  increases  in  the  behavioral  sensitivity  of  these  rats  to  the  administration  of  the 
D2  receptor  agonist,  quinpirole.48-59  In  contrast,  in  rats  DA-denervated  with  6-OHDA 
as  adults,  this  same  treatment  was  accompanied  by  a  marked  behavioral  supersensi¬ 
tivity  witnessed  by  locomotor  changes.32’4849  The  lesser  electrophysiological  and 
behavioral  responsiveness  to  D2  receptor  agonists  observed  in  the  neonatally  versus 
adult  DA-denervated  neostriatum  raises  the  possibility  that  at  least  some  of  the 
increased  D2  binding  sites  measured  after  neonatal  lesion  are  not  primarily  devoted 
to  DA-mediated  function.  This  suggestion  would  be  in  line  with  the  former  hypoth- 
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esis  that  some  of  the  increased  D2  receptors  available  for  binding  might  not  be 
efficiently  coupled  to  their  appropriate  transducing  mechanisms. 


Unchanged  5-HT 1A  Receptors 

Specific  [3H]8-OH-DPAT  binding  was  relatively  high  in  brain  regions  already 
described  as  rich  in  5-HT, A  receptors.27  60-61  In  none  of  these  regions  was  this  binding 
significantly  altered  6  months  after  neonatal  6-OHDA  lesion  (Table  4).  In  the 
neostriatum  of  lesioned  as  well  as  control  rats,  no  detectable  [3H]8-OH-DPAT 
binding  was  found.  At  the  concentration  of  radioligand  used  (2  nM),  only  high- 
affinity  5-HTia  receptors  were  labeled;62  therefore,  the  presence  and/or  changes  in 
the  number  of  low-affinity  [3H]8-OH-DPAT  binding  sites  could  not  be  ruled  out. 

The  absence  of  5-HT1A  receptors  in  rat  neostriatum60-62  has  been  confirmed  by 
immunocytochemistry63-64  and  in  situ  hybridization  of  the  mRNA.63-65  Homogenate 
binding  studies  have  revealed  the  presence  in  neostriatum  of  a  [3H]8-OH-DPAT 
binding  site  pharmacologically  distinct  from  the  5-HT ]A  receptor  and  which  was 
decreased  after  5,7-dihydroxytryptamine  lesion.66-67  In  spite  of  the  5-HT  hyperinner¬ 
vation,  this  [3H]8-OH-DPAT  binding  site  was  undetectable  under  the  present 
autoradiographic  conditions. 


Increased  5-HT IB  Receptors 

Considerable  increases  were  found  in  [125I]cyanopindolol  binding  to  5-HT-B 
receptors  in  the  neonatally  6-OHDA-lesioned  versus  control  rats  (Fig.  3).  In  the 
controls,  as  previously  reported,68-69  relatively  high  densities  of  5-HTjb  sites  were 
measured  in  the  dorsal  subiculum,  followed  by  those  in  the  substantia  nigra  and 
globus  pallidus  (Table  5).  Lower  densities  were  detected  in  both  the  rostral  and 
caudal  neostriatum.  All  these  regions,  except  for  the  dorsal  subiculum,  showed 
significant  increases  in  [125I]cyanopindolol  binding,  three  months  after  the  neonatal 
lesion.  The  highest  increase  was  in  the  substantia  nigra,  followed  by  those  in  the 
globus  pallidus  and  the  two  portions  of  neostriatum.  No  significant  differences  were 
present  in  either  lesioned  or  control  rats  between  rostral  versus  caudal  halves  of 
neostriatum.  Apparent  increases  in  the  hippocampus,  periaqueductal  gray,  and 
superior  colliculus  were  not  quantified,  because  the  latter  regions  contain  5-HTiA  as 
well  as  5-HTjb  receptors,  and  cyanopindolol  does  not  distinguish  between  these  two 
subtypes.70 

The  increased  number  of  5-HTib  receptors  in  the  neonatally  DA-denervated 
neostriatum  was  documented  throughout  this  anatomical  region,  and  similar  in¬ 
creases  were  also  measured  in  the  substantia  nigra  and  the  globus  pallidus,  that  is, 
the  two  major  territories  of  projection  of  neostriatum.  In  rat  brain,  the  5-HTiB 
receptors  act  as  terminal  autoreceptors  as  well  as  receptors  postsynaptic  to  5-HT 
neurons.  The  neostriatal  increase  in  5-HT1B  binding  could  not  be  attributed  solely  to 
an  augmented  number  of  5-HT  terminals,  because  it  extended  to  both  caudal  and 
rostral  halves  of  the  neostriatum,  and  neither  the  substantia  nigra  nor  the  globus 
pallidus  could  be  assumed  to  be  5-HT  hyperinnervated.71  The  anatomical  distribu¬ 
tion  of  these  increases  suggested  an  up-regulation  of  the  5-HTib  receptors  in  the 
somata/dendrites  of  neostriatal  projection  neurons,  accompanied  by  an  increase  of 
their  axonal  transport  to  both  territories  of  projection.  This  interpretation  was 
consistent  with  in  situ  hybridization  data  demonstrating  the  presence  of  mRNA  for 
this  receptor  in  the  rat  neostriatum,  but  not  in  substantia  nigra  nor  globus  pallidus.72 
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FIGURE 3.  5-HTib  receptors  ([125I]cyanopindoIol  binding)  in  control  and  neonatally  6-OHDA- 
lesioned  rats.  In  the  control  (a,  c,  e),  these  receptors  are  relatively  abundant  in  the  rostral  (rNS) 
and  caudal  (cNS)  neostriatum,  globus  pallidus  (GP),  dorsal  subiculum  (DS),  and  substantia 
nigra  (SN).  After  neonatal  6-OHDA  lesion  (b,  d,  f),  all  these  regions  except  the  dorsal 
subiculum  show  significant  increases.  See  Table  5  for  quantitative  data. 


Inasmuch  as  the  5-HT1B  increase  involved  the  entire  neostriatum,  it  appeared  more 
closely  related  to  the  overall  DA  denervation  than  the  rostrally  predominant  5-HT 
hyperinnervation,  suggesting  that  DA  afferents  might  normally  regulate  5-HT1B 
receptor  expression,  at  least  during  early  postnatal  ontogenesis.  However,  similar 
DA  denervations  produced  by  6-OHDA  in  adult  rat  do  not  lead  to  appreciable 
changes  in  5-HT1B  receptors,  as  assessed  either  by  quantitative  autoradiography  or 
by  the  electrophysiological  responsiveness  to  the  iontophoretic  application  of  5-HT 
or  the  5-HT1B/2c  receptor  agonist,  m-CPP.73 


Increased  5-HT i„onAB  Receptors 

In  the  present  autoradiographic  studies,  5-HT!  sites  labeled  with  [3H]5-HT — but 
distinct  from  the  5-HT1A  and  5-HT1B  subtypes— were  designated  as  nonAB,  because 
both  5-HTic  (now  called  5-HT2C)  and  5-HT]D,  as  well  as  other  5-HT,  subtypes,  could 
be  labeled  altogether.74-77  No  attempts  were  made  to  label  5-HT2c  or  5-HTiD  sites 
with  [3H]mesulergine  or  [3H]5-HT  in  the  presence  of  appropriate  blockers,  respec¬ 
tively,  because  the  former  compound  also  binds  to  5-HT2A  receptors,61  and  the 
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density  of  5-HTiD  sites  in  rat  brain  is  too  low  for  autoradiographic  detection.77  Strong 
labeling  of  the  choroid  plexus  did  indicate  binding  of  [3H]5-HT  to  5-HT2C  recep¬ 
tors,74-75  which  have  been  reported  to  be  present  in  the  neostriatum,  substantia  nigra, 
and  globus  pallidus  of  adult  rat.78  5-HT1D  receptors  have  also  been  demonstrated  in 
rat  brain,77  and  appear  to  be  postsynaptic  to  5-HT  fibers  in  the  neostriatum  as  well  as 
in  the  cerebral  cortex.77 

In  the  controls,  5-HTinonAB  binding  was  the  highest  in  the  choroid  plexus, 
followed  by  that  in  the  substantia  nigra,  globus  pallidus,  and  neostriatum  (Fig.  4).  No 
binding  was  detected  in  the  dorsal  subiculum.  In  the  neonatally  lesioned  rats,  both 
the  neostriatum  and  the  substantia  nigra,  but  not  the  globus  pallidus  nor  the  choroid 
plexus,  showed  post  lesion  increases  (Table  6).  As  was  the  case  for  5-HT1B  sites,  the 
highest  increase  was  that  in  the  substantia  nigra,  followed  by  equal  increases  in  the 
two  halves  of  neostriatum.  However,  in  contrast  to  the  5-HT1B  binding,  the  5-HTlnonAB 
binding  was  not  increased  in  the  globus  pallidus,  suggesting  a  preferential  localiza¬ 
tion  of  the  corresponding  receptors  on  striatonigral,  as  opposed  to  striatopallidal, 
projection  neurons.79  Interestingly,  a  similar  differential  localization  of  DA  receptor 
subtypes  on  striatonigral  as  opposed  to  striatopallidal  neurons  has  been  documented 
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FIGURE  4.  5-HTi„onAB  receptors  ([3H]5-HT  binding)  in  control  and  neonatally  6-OHDA- 
lesioned  rats.  In  the  control  (a,  c,  e),  this  binding  is  moderate  in  the  rostral  (rNS)  and  caudal 
(cNS)  neostriatum  and  also  detectable  in  the  globus  pallidus  (GP)  and  substantia  nigra  (SN).  It 
is  also  prominent  in  the  choroid  plexus  (CP),  indicating  the  presence  of  5-HT2C  receptors.  After 
neonatal  6-OHDA  lesion  (b,  d,  f),  increases  are  noticeable  in  the  two  halves  of  NS  and  in  the 
SN.  See  Table  6  for  quantitative  data. 
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for  D!  versus  D2  receptors,  respectively.80  It  is  noteworthy  that,  in  the  neonatally 
lesioned  rats,  an  increase  in  5-HT2C  receptors,  together  with  the  5-HT1B  receptor 
increase,  could  account  for  enhanced  electrophysiological  responses  of  neostriatal 
neurons  to  the  iontophoretic  application  of  5-HT  or  its  receptor  agonist,  wz-CPP. 


CONTROL  LESIONED 


FIGURE  5.  5-HT2a  receptors  ([125I]DOI  binding)  in  control  and  neonatally  6-OHDA-lesioned 
rats.  In  the  control  (a,  c,  e),  this  binding  is  the  strongest  in  the  claustrum  (Cl)  and  nucleus 
accumbens  (Ac),  but  also  high  in  the  caudal  neostriatum  (cNS);  it  is  weaker  in  the  rostral 
neostriatum  (rNS)  and  undetectable  in  the  globus  pallidus  (GP)  and  the  substantia  nigra  (SN). 
After  neonatal  6-OHDA  lesion  (b,  d,  f),  a  considerable  increase  is  seen  in  the  rNS.  Note  the 
moderate  binding  of  the  CP  in  both  control  and  lesioned  rats.  See  Table  7  for  quantitative  data. 


Increased  5-HT2a  Receptors 

Specific  [I25I)DOI  binding  to  5-HT2A  receptors  was  markedly  increased  by 
comparison  to  control  in  the  rostral  neostriatum  of  the  neonatally  6-OHDA-lesioned 
rats  (Fig.  5).  In  all  regions  examined,  this  binding  was  relatively  weak.  As  previously 
reported,81  a  laminar  distribution  could  be  observed  in  the  neocortex,  with  a 
conspicuous  band  of  relatively  high  density  at  the  level  of  layer  Va  (Fig.  5).  Overall, 
[125I]DOI  binding  was  the  highest  in  the  claustrum,  moderate  in  the  caudal  neostria¬ 
tum  and  nucleus  accumbens,  and  low  in  the  rostral  neostriatum  and  choroid  plexus 
(Table  7).  Three  months  after  the  neonatal  6-OHDA  lesion,  a  similar  distribution 
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was  found  in  all  regions  except  the  rostral  neostriatum.  Both  the  lesioned  and  control 
rats  showed  some  preferential  labeling  of  the  choroid  plexus,  in  spite  of  incubation  in 
the  presence  of  30  nM  cold  serotonin.  However,  there  was  no  significant  labeling  in 
the  substantia  nigra. 

The  increased  [125I]DOI  binding  associated  with  5-HT  hyperinnervation  in  the 
rostral  neostriatum  eliminated  the  normally  observed  caudorostral  decreasing  gradi¬ 
ent  in  the  density  of  these  receptors.82  This  increase  of  5-HT2A  receptors  was 
reminiscent  of  that  reported  in  the  5-HT-hyperinnervated  inferior  olivary  complex  of 
adult  rat  following  cytotoxic  lesioning  of  its  5-HT  innervation  with  5,6-dihydroxytryp- 
tamine.19  In  this  latter  study,  the  5-HT2A  receptor  increase  had  been  interpreted  as 
the  result  of  an  up-regulation  without  ruling  out  the  possibility  that  it  be  due  to  the 
initial  5-HT  denervation  rather  than  to  the  ensuing  5-HT  hyperinnervation.  In  the 
present  study,  5-HT  denervation  was  no  longer  in  question  as  the  cause  of  the 
5-HTm  up-regulation.  Moreover,  the  5-HT2A  receptor  increase  seemed  tightly 
related  to  the  5-HT  hyperinnervation  in  view  of  the  coinciding  anatomical  distribu¬ 
tion  of  the  two  phenomena.  Yet,  it  is  well  established  that  this  5-HT  receptor  subtype 
is  essentially  postsynaptic  to  5-HT  neurons.83  Interestingly,  it  was  also  demonstrated 
recently  that  in  the  neonatally  DA-denervated  and  5-HT-hyperinnervated  neostria¬ 
tum — but  not  in  its  adult  counterpart  without  5-HT  hyperinnervation  nor  changes  in 

5- HT2a  receptor  binding — neuronal  responsiveness  to  the  iontophoretic  application 
of  5-HT  and  to  the  5-HT2A/2C  receptor  agonist  DOI  is  also  considerably  increased.71 

SUMMARY  AND  CONCLUSIONS 

The  destruction  of  nigrostriatal  DA  neurons  by  cerebroventricular  injection  of 

6- OHDA  in  newborn  rat  results  in  a  nearly  complete  DA  denervation  of  the 
neostriatum  and  its  subsequent  5-HT  hyperinnervation.  Three  to  six  months  after 
the  neonatal  6-OHDA  lesion,  Dj  receptors  are  slightly  decreased  in  the  rostral 
neostriatum,  but  unchanged  in  its  caudal  half  and  in  the  substantia  nigra.  In  contrast, 
D2  receptors  are  increased  throughout  the  neostriatum  and  decreased  in  the 
substantia  nigra.  Interestingly,  no  parallel  changes  occur  in  D2  receptor  mRNA,  as 
measured  by  in  situ  hybridization  on  adjacent  sections.  The  responsiveness  to  DA 
and  to  the  D!  receptor  agonist  SKF  38393  is  markedly  enhanced,24  suggesting  that 
this  hypersensitivity  is  independent  of  the  ligand  recognition  sites  but  rather  medi¬ 
ated  by  postreceptor  transducing  mechanisms.  On  the  other  hand,  the  responsive¬ 
ness  to  the  D2  receptor  agonist  PPHT  remains  unchanged  in  spite  of  the  up- 
regulation  of  neostriatal  D2  receptors.  The  opposite  changes  in  the  number  of  Di  and 
D2  binding  sites,  dissociated  from  the  expression  of  D2  receptor  mMRNA  and  from 
the  sensitivity  to  DA  receptor  agonists,  suggest  independent  adaptations  triggered  by 
the  neonatal  DA  denervation  and/or  ensuing  5-HT  hyperinnervation. 

With  regard  to  5-HT  receptor  subtypes,  a  considerable  increase  in  5-HT1B 
binding  sites  in  both  the  rostral  and  caudal  neostriatum,  as  well  as  in  the  substantia 
nigra  and  globus  pallidus,  suggests  an  up-regulation  and  increased  axonal  transport 
of  these  receptors  in  neostriatal  projection  neurons.  A  similar  increase  in  the  density 
of  5-HTlnonAB  receptors  in  the  two  halves  of  neostriatum  and  in  the  substantia  nigra, 
but  not  the  globus  pallidus,  presumably  reflects  an  up-regulation  and  transport  of  the 
corresponding  receptors  (5-HTiD  and  5-HT2C)  in  striatonigral  projection  neurons 
only.  The  distribution  of  both  increases  throughout  the  neostriatum  suggest  a 
possible  role  of  DA  in  the  regulation  of  these  receptors  during  ontogenesis.  The  even 
greater  increase  in  5-HT2A  receptor  density  predominating  in  the  rostral,  5-HT- 
hyperinnervated  part  of  the  neostriatum  suggests  a  tight  relationship  with  the  5-HT 
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innervation.  These  increases  in  5-HT  receptor  density  can  be  correlated  with  an 
enhanced  electrophysiological  responsiveness72  of  neostriatal  neurons  to  the  ionto- 
phoretic  application  of  5-HT  and  its  agonists,  mCPP  and  DOI.  They  could  therefore 
account  for  an  enhancement  of  5-HT  neurotransmission  in  the  neonatally  6-OHDA- 
denervated  and  5-HT-hyperinnervated  neostriatum,  even  if  basal  extracellular  5-HT 
levels  remain  normal  under  these  conditions  due  to  an  increased  number  of  5-HT 
uptake  sites.84 
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Aspartame  Does  Not  Affect  Aminergic 
and  Glutamatergic  Receptor 
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Chronic  exposure  to  antagonists  or  agonists  can  up-  or  down-regulate  neurotransmit¬ 
ter  receptors.  Changes  in  central  nervous  system  (CNS)  receptors  might  underlie 
adverse  reactions  anecdotally  attributed  to  ingestion  of  aspartame  (L-aspartyl-L- 
phenylalanine  methyl  ester,  APM).  This  high-intensity  sweetener  is  metabolized  in 
the  gastrointestinal  tract  to  phenylalanine,  which  is  absorbed  into  the  circulatory 
system.  Phenylalanine  and  its  metabolite  tyrosine  compete  with  tryptophan  for 
transport  into  brain,  where  levels  of  these  amino  acids  may  influence  the  synthesis  of 
the  aminergic  neurotransmitters  norepinephrine,  dopamine,  and  serotonin.  The 
influence  of  postprandial  variation  in  plasma  amino  acid  levels  and  of  food  additives 
that  may  affect  plasma  amino  acids  deserves  careful  attention.  Phenylalanine  with  its 
known  neurotoxic  effects  in  phenylketonuria  is  of  special  interest.  This  paper  reports 
the  lack  of  effect  of  prolonged  APM  administration  on  several  neurotransmitter 
receptor  systems  in  brain  of  adult  and  weanling  rats. 

Adult  male  Sprague-Dawley  rats  were  given  APM  500  mg/kg  daily  for  30  days  in 
their  drinking  water.  By  use  of  standard  receptor  assay  procedures,1-2  the  binding 
kinetics  for  adrenergic,  dopaminergic,  and  serotonergic  receptors  were  determined 
in  appropriate  brain  regions  (Table  1).  Brain  content  of  the  aminergic  neurotrans¬ 
mitters  and  their  major  metabolites  was  measured,  as  were  plasma  and  brain  levels  of 
phenylalanine,  tyrosine,  and  other  amino  acids.  Neither  receptor  kinetics  (K<j  and 
Bmax),  nor  neurotransmitter  content,  nor  levels  of  phenylalanine  and  tyrosine  in 
plasma  and  brain  were  altered. 

Because  of  the  greater  vulnerability  of  the  immature  mammalian  bram  to 
neurotoxic  action,  studies  for  possible  effects  of  APM  on  CNS  aminergic  function 
were  done  in  weanlings  (age  20  to  22  days)  bom  to  rats  given  APM  500  mg/kg  daily  in 
drinking  water  throughout  gestation  and  lactation.  No  CNS  effect  of  APM  exposure 
was  found  in  aminergic  receptor  kinetics  (Table  1),  levels  of  neurotransmitters  and 
metabolites,  or  in  plasma  levels  of  phenylalanine  and  tyrosine.  However,  small  but 
significant  decreases  occurred  in  brain  levels  of  phenylalanine,  glutamate,  and 
aspartate.  Subsequent  studies  found  no  effect  of  perinatal  APM  exposure  on 
glutamatergic  binding  (Table  1),  but  decreases  in  glutamate  and  aspartate  were 
again  observed  in  cerebral  cortex  and  hippocampus  (Table  2).  After  termination  of 
exposure  to  APM,  levels  of  these  excitatory  amino  acids  returned  to  normal  within 
three  weeks  (Table  2). 

We  conclude  that  prolonged  high-dose  APM  ingestion  does  not  affect  aminergic 
or  glutamatergic  receptor  kinetics  in  brain  of  adult  or  weanling  rats.1'3  Because  APM 
administration  in  drinking  water  did  not  significantly  affect  plasma  levels  of  amino 
acids,  these  findings  are  not  unexpected.  However,  the  possible  effects  of  significant 
changes  in  plasma  amino  acids  levels  require  close  attention. 
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table  i.  Receptor  Kinetics  in  Rat  Brain 


Control 

APM  (500  mg/kg  daily) 

Receptor 

Ka 

Bmax 

Kd 

Bmax 

Adrenergic  a\ 

Adult 

0.05 

±0.01 

203  ±  11 

0.04  ±  0.01 

215  ±  25 

Adrenergic  a? 

Adult 

2.5 

±0.02 

115  ±  8 

2.1  ±  0.3 

100  ±  11 

Weanling 

1.5 

±0.04 

143  ±  3 

1.4  ±  0.06 

29  ±5 

Serotonergic  5-HTiA 
Adult 

2.2 

±  0.3 

167  ±  14 

2.6  ±  0.6 

163  ±  20 

Serotonergic  5-HT2 
Adult 

0.54 

±0.04 

269  ±  34 

0.60  ±  0.10 

284  ±  54 

Weanling 

0.33 

±0.02 

281  ±  15 

0.43  ±  0.04 

251  ±  17 

Dopaminergic  D) 

Adult 

0.55 

±0.1 

780  ±  54 

0.60  ±  0.10 

806  ±  62 

Weanling 

0.35 

±0.03 

852  ±  54 

0.39  ±  0.01 

743  ±  55 

Dopaminergic  D2 

Adult 

0.06 

±0.01 

279  ±  15 

0.05  ±  0.01 

250  ±  17 

Weanling 

0.056 

±  0.005 

307  ±  15 

0.054  ±  0.004 

256  ±  22 

Glutamatergic  NMDA 
Weanling 

Cortex 

2.64 

±0.17 

1.82  ±  0.12 

3.11  ±  0.48 

1.58  ±  0.17 

Hippocampus 

4.49 

±0.88 

1.99  ±  0.20 

5.41  ±  0.57 

1.80  ±  0.20 

Total  glutamatergic 
Weanling 

Cortex 

843 

±  119 

35.3  ±  6.7 

941  ±  60 

37.3  ±  3.2 

Hippocampus 

537 

±54 

18.9  ±  3.1 

534  ±  42 

26.9  ±  3.5 

Note:  Dopaminergic  receptor  kinetics  were  determined  in  striatum,  serotonergic  5-HTiA 
kinetics  in  hippocampus,  and  all  others  in  cerebral  cortex  except  where  otherwise  noted. 

K<j  values  represent  nM  concentrations;  Bmax  values  are  fmol/mg  protein,  except  for 
glutamatergic  receptors,  where  Bmax  values  are  pmol/mg  protein.  Values  are  means  ±  SEM  for 
6-12  individual  Scatchard  determinations.  No  Kj  or  Bmax  comparison  (APM  treatment  vs. 
control)  yielded  a  statistically  significant  difference  (Student’s  t  test). 

Abbreviations :  APM,  L-aspartyl-L-phenylalanine  methyl  ester;  NMDA,  Al-methyl-D- 
aspartate. 


table  2.  Glutamate  and  Aspartate  Levels  in  Cerebral  Cortex  and  Hippocampus  of 
Rats  after  Maternal  Ingestion  of  Aspartame “ 


Region 

Amino  Acid 

Control 

APM  Exposure 

At  time  of  weaning 

Cerebral  cortex 

Glutamate 

Aspartate 

9050  ±  260 

3720  ±  100 

8230  ±  210* 

3240  ±  130* 

Hippocampus 

Glutamate 

Aspartate 

9250  ±  230 

2870  ±  140 

8370  ±  290* 

2790  ±  110 

Three  weeks  after  termination  of  aspartame 

Cerebral  cortex 

Glutamate 

Aspartate 

8820  ±  260 

2950  ±  130 

10400  ±  1080 

3150  ±  83 

Hippocampus 

Glutamate 

Aspartate 

8470  ±  540 

2010  ±  170 

9640  ±  870 

2010  ±  53 

“Values  represent  nmol/g  tissue  and  are  means  ±  SEM  of  five  rats  per  group. 

^Differences  in  control  vs.  APM,/?  <  0.05;  all  others,  not  significant  (Student’s  t  test).  APM, 
L-aspartyl-L-phenylalanine  methyl  ester. 
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The  early  history  of  histamine  is  largely  associated  with  allergy.  The  major  actions  of 
histamine  were  described  at  the  beginning  of  this  century  by  Sir  Henry  Dale  and  his 
colleagues  after  its  isolation  from  ergot  extracts.  Namely,  its  potent  contractile 
effects  on  smooth  muscles  and  the  capillary  dilation  it  induces,  which  mimic  some 
initial  manifestations  of  the  anaphylactic  shock,  were  identified  by  these  scientists. 
They  also  detected  the  presence  of  the  amine  in  many  tissues,  but  it  was  another 
British  scientist,  Feldberg,  who  clearly  demonstrated  that  histamine  was  released 
from  the  lung  during  the  anaphylactic  response  and  that  it  induced  a  marked 
bronchoconstriction . 

The  idea  that  histamine  exerts  its  various  biological  effects  via  interaction  with 
several  distinct  receptor  subtypes  progressively  arose  mainly  with  the  design  of 
subtype-selective  antagonists.  It  was  first  realized  that  the  “antihistamines”  (now 
termed  Hrreceptor  antagonists),  the  first  of  which  were  designed  by  Bovet  and 
Staub,1  did  not  block  uniformly  all  actions  of  histamine,  leaving,  for  instance,  gastric 
secretion  unaffected.  On  this  basis  as  well  as  on  the  differential  action  of  agonists, 
Ash  and  Schild2  clearly  postulated  the  existence  of  a  second  receptor  subtype.  The 
existence  of  the  H2  receptor  was  definitively  established  with  the  design  of  burima- 
mide,  a  selective  (non-Hi)  antagonist,  as  well  as  of  several  relatively  selective 
agonists.3 

Arrang  et  aid  proposed  the  existence  of  the  third  receptor  subtype,  an  autorecep¬ 
tor  controlling  the  synthesis  and  release  of  histamine  in  cerebral  neurons.  Four  years 
later,  the  existence  of  the  H3  receptor  was  definitively  established  with  the  design  of 
highly  potent  and  selective  agonists  and  antagonists.5 

The  fields  of  histamine  receptor  pharmacology  and  biochemistry  were  recently 
reviewed  in  an  extensive  manner.6-8  However,  the  very  recent  cloning  of  the  genes 
encoding  the  histamine  Hr  and  H2-receptor  subtypes  has  notably  enlarged  our 
knowledge  of  these  receptors.  Although  the  histamine  H3  receptor  has  not  yet  been 
cloned,  all  three  seem  to  belong  to  the  superfamily  of  receptors  with  seven  transmem¬ 
brane  domains  and  coupled  to  guanylnucleotide-sensitive  G-proteins  (Table  1). 

THE  HISTAMINE  H,  RECEPTOR 

The  Hi-receptor  pharmacology  was  initially  defined  in  functional  assays  such  as 
smooth  muscle  contraction,  with  the  design  of  potent  antagonists,  the  so-called 
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antihistamines,  most  of  which  are  known  to  interfere  with  central  histaminergic 
transmissions  and  display  prominent  sedative  properties.  Biochemical  and  localiza¬ 
tion  studies  of  the  Hj  receptor  were  made  feasible  with  the  design  of  reversible  and 
irreversible  radiolabeled  probes  such  as  [3H]mepyramine,  [125I]iodobolpyramine, 
and  [125I]iodoazidophenpyramine  (reviewed  in  refs.  9-11). 

Initial  biochemical  studies  indicated  that  the  cerebral  guinea  pig  Hi  receptor  was 
a  glycoprotein  of  apparent  molecular  mass  of  56  kDa  with  critical  disulfide  bonds  and 
that  agonist  binding  was  regulated  by  guanyl  nucleotides,  implying  that  the  receptor 


table  x.  Properties  of  Three  Histamine  Receptor  Subtypes 


Property 

Hi 

h2 

h3 

Coding  sequence 

491  a.a.  (bovine) 

488  a.a.  (guinea  pig) 
486  a.a.  (rat) 

487  a.a.  (human) 

358  a.a.  (rat) 

359  a.a  (dog,  human) 

9 

Chromosome 

Chromosome  3 

9 

7 

localization 

Highest  brain 

Thalamus 

Striatum 

Striatum 

densities 

Cerebellum 

Cerebral  cortex 

Frontal  cortex 

Hippocampus 

Amydgala 

Substantia  nigra 

Autoreceptor 

No 

No 

Yes 

Affinity  for 

Micromolar 

Micromolar 

Nanomolar 

histamine 

Characteristic 

2(m.  chlorophenyl) 

Impromidine 

(R)a-methylhistamine 

agonists 

histamine 

Sopromidine 

Imetit 

Characteristic 

antagonists 

Mepyramine 

(pyrilamine) 

Cimetidine 

Thioperamide 

Radioligands 

[3H]Mepyramine 

[3H]Tiotidine  [3H](R)a-methylhistamine 

[125I]Iodobolpyramine 

[125I]Iodoamino- 

potentidine 

[125I]Iodophenpropit 

[125I]Iodoproxyfan 

Second 

Inositol  phosphates  (+) 

cAMP  (+) 

Inositol  phosphates  (-) 

messengers 

Arachidonic  acid  (  +  ) 
cAMP  (potentiation) 

Arachidonic  acid  (-) 
Ca2+  (+) 

a.a.:  Amino  acid  residue. 

belongs  to  the  superfamily  of  receptors  coupled  to  G-proteins.  In  addition,  various 
intracellular  responses  were  found  to  be  associated  with  Hrreceptor  stimulation,  for 
example,  inositol  phosphate  release,  increase  in  Ca2+  fluxes,  cyclic  AMP  and  cyclic 
GMP  accumulation  in  whole  cells,  arachidonic  acid  release.612  It  was  not  known, 
however,  whether  such  a  variety  of  responses  corresponds  to  a  single  receptor  or  to 
distinct  isoreceptors.  Indeed  several  photoaffinity-labeled  proteins  of  slightly  differ¬ 
ent  masses,  but  similar  H!  pharmacology,  were  detected  in  some  tissues.10 
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In  spite  of  preliminary  attempts  using  affinity  columns  with  a  mepyramine 
derivative,  the  Ht  receptor  was  never  purified  to  homogeneity.  Nevertheless,  the 
deduced  amino  acid  sequence  of  a  bovine  Hi  receptor  was  recently  disclosed  after 
expression  cloning  of  a  corresponding  cDNA.  The  latter  was  based  upon  the 
detection  of  a  Ca2+-dependent  Cl"  influx  into  microinjected  Xenopus  oocytes. 
Following  the  transient  expression  of  the  cloned  cDNA  into  COS-7  cells,  the  identity 
of  the  protein  as  an  H]  receptor  was  confirmed  by  binding  studies.13  More  recently, 
by  using  the  cloned  bovine  cDNA  as  a  probe,  the  gene  encoding  the  H!  receptor  was 
isolated  in  rats,14  guinea  pigs,15’16  and  humans.17 

We  recently  cloned  a  guinea-pig  cDNA  encoding  an  Hj  receptor  in  order  to 
identify  the  signaling  systems  of  the  H]  receptor  in  a  well-studied  animal  species,  as 
well  as  to  assess  the  possible  existence  of  isoreceptors.15  It  encodes  a  glycoprotein  of 
488  amino  acids  (Fig.  1)  with  a  calculated  MT  of  56  kDa,  in  good  agreement  with  the 
apparent  size  of  the  photoaffinity-labeled  receptor  from  guinea-pig  brain  or  heart,  as 
determined  by  SDS/PAGE  analysis.18-19  Northern  blot  analysis  of  a  variety  of 
guinea-pig  peripheral  or  cerebral  tissues  identified,  in  most  cases,  a  single  transcript 
of  3.3  kb.  However,  in  some  tissues — for  example,  ileum  or  lung — a  second  transcript 
of  3.7  kb  was  generated,  possibly  by  the  use  of  distinct  promoter  or  polyadenylation 
sites  or  corresponding  to  a  transcript  from  a  distinct  gene.15-16 

In  situ  hybridization  studies  showed  a  highly  contrasted  expression  of  the  Hi 
receptor  gene  transcript  in  guinea-pig  brain.16  When  compared  with  the  autoradio¬ 
graphic  localization  of  the  corresponding  receptor  protein,20  consistent  as  well  as 
complementary  information  was  provided.  For  instance,  the  mRNAs  were  found  in 
high  levels  in  cerebellar  Purkinje  cells  and  hippocampal  pyramidal  cells,  whereas 
dense  [125I]iodobolpyramine  binding  sites  are  found  in  the  molecular  layers  of  both 
areas.  This  presumably  reflects  the  synthesis  of  the  receptor  in  perikarya  and  its  final 
insertion  in  membranes  of  the  abundant  dendritic  trees  of  both  cell  types. 

Transfection  with  the  guinea-pig  gene  followed  by  stable  expression  of  Hi 
receptors  by  a  CHO  cell  line  allowed  the  characterization  of  multiple  signaling 
pathways.21  In  each  case  the  involvement  of  a  Gj/G0  protein  with  pertussis  toxin 
(PTX),  the  influence  of  extracellular  Ca2+  and  of  protein  kinase  C  (PKC)  activation 
by  phorbol  12-myristate  13-acetate  (PMA)  were  assessed. 

Histamine  induced  in  a  PTX-  and  PMA-insensitive  manner  a  biphasic  increase  in 
intracellular  Ca2+  level  of  which  only  the  second,  sustained  phase  was  dependent  on 
the  extracellular  Ca2+  level.  In  addition,  histamine  also  caused  a  threefold  elevation 
of  inositol  phosphate  production,  which  was  PTX-insensitive  but  slightly  inhibited  by 
PMA  and  reduced  by  75%  in  the  absence  of  extracellular  Ca2+. 

Histamine  also  caused  a  massive  release  of  arachidonic  acid  (AA),  occurring  in  a 
Ca2+-  and  PMA-sensitive  manner,  probably  through  the  activation  of  a  cytosolic 
phospholipase  A2,  which  partly  involves  coupling  to  a  PTX-sensitive  G-protein.  In 
comparison,  in  HeLa  cells  endowed  with  a  native  Hi  receptor,  the  histamine-induced 
arachidonic  acid  release  was  also  Ca2+-  and  PMA-sensitive,  but  totally  PTX- 
insensitive. 

Finally,  in  the  same  CHO(Hi)  cell  line,  histamine  in  very  low  concentrations 
potentiated  the  cyclic  AMP  accumulation  induced  by  forskolin.  This  response 
appeared  to  be  insensitive  to  PTX,  extracellular  calcium,  and  PMA. 

These  various  observations  show  that  stimulation  of  a  single  receptor  subtype, 
the  guinea-pig  Hi  receptor,  can  trigger  four  major  intracellular  signals,  presumably 
through  coupling  to  several  G-proteins,  which  are  variously  modulated  by  extracellu¬ 
lar  Ca2+  and  PKC  activation. 


1&L© 


ARRANG  et  al. :  HISTAMINE  RECEPTOR  SUBTYPES 


317 


FIGURE  1.  Amino  acid  sequence  of  the  guinea-pig  histamine  Hi  receptor.  Y  indicates  the  presence  of  glycosylation  sites. 
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THE  HISTAMINE  H2  RECEPTOR 

Until  recently,  the  information  on  H2  receptors  was  mainly  derived  from  the 
physiological  and  biochemical  responses  they  mediate,  and  molecular  properties  of 
the  H2  receptor  have  remained  largely  unknown  for  a  long  time.  For  instance,  only 
recently  the  reversible  labeling  of  the  H2  receptor  was  achieved  using  [3H]tiotidine22 
or,  more  reliably,  [125I]iodoaminopotentidine.23  Irreversible  labeling,  achieved  with  a 
photoaffinity  probe,  followed  by  SDS-PAGE,  led  to  the  identification  of  H2  receptor 
peptides  from  the  guinea-pig  brain.23 

By  screening  cDNA  or  genomic  libraries  with  homologous  probes,  the  gene 
encoding  the  H2  receptor  was  first  identified  in  dogs24  and,  subsequently,  in  rats25  and 
humans.26  Comparison  of  these  proteins  shows  that  they  display  a  high  degree  of 
homology,  that  is,  82%  between  the  rat  and  dog  receptor  (Fig.  2),  whereas  the 
degree  of  homology  between  the  Hi  and  H2  receptors  is  limited.  The  H2  receptor  is 
organized  like  other  receptors  positively  coupled  to  adenylyl  cyclase;  that  is,  it 
displays  a  short  (30  amino  acids)  third  intracellular  loop  and  a  long  (71  amino  acids) 
C-terminal  cytoplasmic  tail  (Fig.  2). 

Consistent  with  their  histamine  binding  function,  the  H2  receptors  display  in  the 
third  transmembrane  helix  (TM3)  an  aspartate  residue  (Asp98)  likely  to  bind  the 
ammonium  group  of  the  endogenous  ligand,  because  it  is  found  in  all  other  aminergic 
receptors.  In  the  TM5,  an  aspartate  and  a  threonine  residue  (Asp185  and  Thr189  in  the 
rat  and  Asp186  and  Thr190  in  the  dog)  seemed  responsible  for  hydrogen  bonding  with 
the  nitrogen  atoms  of  the  imidazole  ring  of  histamine.  This  was  partially  confirmed 
by  site-directed  mutagenesis.27 

A  potential  regulation  of  the  rat  H2  receptor  by  phosphorylation  is  suggested  by 
the  presence  of  three  consensus  sites  for  protein  kinase  C. 

Northern  blot  analysis  of  various  tissues  using  a  probe  derived  from  the  rat  cDNA 
sequence  revealed  the  presence  of  a  single  major  transcript  of  6.0  and  4.5  kb  in  rat 
and  guinea  pig,  respectively.25,28  The  distribution  of  the  mRNAs  in  these  two  species 
was  consistent  with  the  known  distribution  of  the  receptor  as  mainly  established 
using  the  sensitive  probe  [125I]iodoaminopotentidine.23 

Transfected  CHO  cells  were  found  to  express  a  high  level  of  rat  H2  receptors.28  In 
these  cells,  histamine,  in  low  concentration,  induced  an  accumulation  of  cAMP, 
confirming  the  association  of  the  H2  receptor  with  adenylyl  cyclase.  In  addition,  in 
the  same  cells,  histamine  potently  inhibited  the  release  of  arachidonic  acid  induced 
by  stimulation  of  constitutive  purinergic  receptors  or  by  application  of  a  Ca2+ 
ionophore.  This  inhibition  was  independent  of  either  cAMP  or  Ca2+  levels  in  the 
cells.  The  results  indicate  that  a  single  H2  receptor  may  be  linked  not  only  to  adenylyl 
cyclase  activation  but  also  to  reduction  of  phospholipase  A 2  activity.  Because  Hi 
receptors  have  been  reported  to  stimulate  arachidonic  acid  release,  inhibition  of  this 
release,  an  unexpected  signaling  pathway  for  H2  receptors,  may  account  for  the 
opposite  physiological  responses  elicited  in  many  tissues  by  activation  of  these  two 
receptor  subtypes. 

In  rat  hepatoma-derived  cells  transfected  with  the  canine  H2-receptor  gene, 
histamine  induced  an  increase  in  intracellular  cAMP  and  Ca-  concentrations, 
revealing  in  this  system  a  positive  coupling  of  the  H2  receptor  to  two  signaling 
mechanisms.29 


THE  HISTAMINE  H3  RECEPTOR 

The  H-,  receptor  was  initially  detected  as  an  autoreceptor  controlling  histamine 
synthesis  and  release  in  brain.4  It  was  thereafter  shown  to  inhibit  presynaptically  the 
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FIGURE  2.  Amino  acid  sequence  of  the  rat  histamine  H2  receptor.  The  shaded  amino  acid  residues  are  those  that  are  not  identical  in  dog  and  rat. 
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release  of  other  monoamines  in  brain  and  peripheral  tissues  as  well  as  of  neuropep¬ 
tides  from  unmyelinated  C-fibers  (reviewed  in  refs.  7  and  30). 

The  molecular  structure  of  the  H3  receptor  remains  to  be  established.  Reversible 
labeling  of  this  receptor  was  first  achieved  using  a  highly  selective  agonist  [3H](R)a- 
methylhistamine.5  [3H]Na-methylhistamine,  a  less  selective  agonist,31  and,  more 
recently,  [125I]iodoproxyfan,  a  selective  antagonist,32  were  also  proposed.  It  appears 
that  the  binding  of  [3H](R)a-methylhistamine  is  regulated  by  guanyl  nucleotides, 
strongly  suggesting  that  the  H3  receptor,  like  the  other  histamine  receptors,  belongs 
to  the  superfamily  of  receptors  coupled  to  G-proteins.33  Constitutive  H3  receptors  in 
a  gastric  cell  line  appear  to  be  negatively  coupled  to  phospholipase  C.34  In  the 
vascular  smooth  muscle,  H3  receptors  mediate  voltage-dependent  Ca2+ -channel 
stimulation  via  a  pertussis-insensitive  G-protein.35 

During  the  last  few  years  several  potent  and  highly  selective  H3  receptor  agonists 
were  designed.36  Among  them,  (R)a-methylhistamine5  and  (R)a,(S)0-dimethylhista- 
mine36  display  a  high  degree  of  stereoselectivity,  imetit37  being  a  nonchiral  and  very 
potent  H3-receptor  agonist  (Table  2). 


TABLE  2.  Potent  and  Selective  H3-Receptor  Agonists 


Relative  Potency  at  Receptors 

Compound 

H, 

h2 

h3 

Histamine:  I1T1-CH2-CH2-NH2 

ch3 

100 

100 

100 

1 

(R)a-methylhistamine:lm-CH2-CH-NH2 

* 

0.5 

1 

1,500 

CH3-CH3 

1  1 

(R)a,(S)p-dimethylhistamine:  lm-CH  -  CH-NH2 

*  * 

0.03 

0.2 

1,800 

/NH2 

Imetit:  Im-CH2-CH2-SC 

<0.1 

0.6 

6,200 

By  the  use  of  these  compounds  as  well  as  the  prototypic  H3-receptor  antagonist 
thioperamide,5  several  effects  and  physiological  roles  of  histamine  could  be  unrav¬ 
eled  or  confirmed. 

In  the  brain,  H3-receptor  ligands  have  largely  confirmed  the  role  played  by 
histaminergic  neurons  in  cortical  activation  and  arousal  mechanisms.7,38  In  the 
respiratory  tract,  H3  receptors  inhibit  both  acetylcholine  release  from  the  vagus 
nerve  and  the  release  of  neuropeptides  from  sensory  nerves.39  In  the  digestive 
system,  similar  prejunctional  H3  receptors  are  involved  in  the  regulation  of  gastroin¬ 
testinal  functions.40  However,  a  direct  stimulation  of  H3  receptors  on  enterochromaf- 
fin-like  cells  in  the  effector  organs  has  also  been  reported.41,42  Both  populations  of  H3 
receptors  are  likely  to  be  involved  in  the  regulation  of  gastric  acid  secretion.40,43 


CONCLUSIONS 

All  three  histamine  receptor  subtypes  presently  known  were  identified  through 
the  classical  strategy  based  upon  the  design  of  a  suitable  bioassay  and  the  synthesis  of 
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new  chemical  drugs.  In  the  case  of  Hi  and  H2  receptors,  this  strategy  has  led  not  only 
to  fundamental  discoveries  in  the  field  of  receptors,  but,  at  the  same  time,  to  very 
useful  drugs  for  treating  life-threatening  allergic  and  gastrointestinal  disorders.  A 
similar  classical  process  involving  a  collaboration  between  pharmacologists  and 
chemists  led  us  to  define  the  H3  receptor.  Although  this  remains  to  be  firmly 
established,  it  can  be  anticipated  that  some  of  the  H3-receptor  ligands  will  constitute 
novel  drugs  for  the  treatment  of  central  or  peripheral  disorders  in  humans.  The 
molecular  biology  approach  has  already  allowed  to  complement,  in  greater  detail, 
information  about  Hx  and  H2  receptors.  It  would  be  surprising  if  this  cloning  strategy, 
which  has  been  so  fruitful  for  the  discovery  of  new  isoforms  or  receptor  subtypes, 
does  not  lead,  as  in  other  areas,  to  an  expansion  of  the  histamine  receptor  family 
during  the  coming  years. 
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The  existence  of  opioid  receptors  in  the  central  nervous  system  of  animals  and 
humans  was  demonstrated  in  1973  simultaneously  by  our  laboratory1-2  and  by 
others.3-5  At  the  time  only  a  single  type  of  receptor  was  postulated,  a  concept  soon 
challenged  and  disproved.  Martin  and  co-workers6,7  postulated  three  classes  of 
receptors,  jx,  k,  and  a.  The  latter  is  now  not  considered  to  be  an  opioid  receptor  and 
has  been  replaced  by  8,  an  enkephalin-preferring  receptor  first  demonstrated  by 
Kosterlitz  and  co-workers8  in  the  mouse  vas  deferens.  The  enkephalins  are  therefore 
thought  to  be  the  endogenous  ligands  of  the  8-receptor,  dynorphin  that  of  the 
K-receptor,  and  (3-endorphin  a  putative  endogenous  ligand  of  the  (x-receptor.  Within 
the  past  year  the  8-opioid  receptor  was  cloned  independently  by  two  laboratories.  - 
This  was  rapidly  followed  by  the  cloning  of  a  |x-  and  a  K-receptor,1112  by  low 
stringency  screening  of  cDNA  libraries  with  oligonucleotide  probes  from  the  struc¬ 
ture  of  the  8-receptor  cDNA.  The  protein  sequences  derived  from  the  cDNA’s 
coding  for  the  three  types  of  opioid  receptors  are  shown  in  Figure  1.  All  of  them 
have  structures  with  seven  putative  transmembrane  domains,  typical  of  G-protein 
coupled  receptors.  The  figure  shows  a  number  of  receptors  of  this  class  that  exhibit 
high  levels  of  homology  with  the  opioid  receptors. 

There  is  considerable  pharmacological  evidence  for  the  existence  of  multiple 
subtypes  of  each  of  the  three  major  types  of  opioid  receptors.  However,  no  evidence 
for  subtypes  has  yet  been  provided  by  cloning,  that  is,  all  clones  of  a  given  type, 
obtained  in  a  number  of  laboratories,13"19  including  those  cited  earlier,  have  proved 
to  be  identical  to  the  cDNA’s  coding  for  the  |x-,  8-,  and  K-opioid  receptors  originally 
published.  The  present  paper  discusses  recent  work  in  our  laboratory  on  a  (x-opioid 
receptor  purified  to  homogeneity  from  bovine  striatal  membranes,  which  appears  to 
be  a  subtype,  different  from  the  jx-receptor  which  has  been  cloned  in  several 
laboratories.  Final  proof  of  this  hypothesis  awaits  the  cloning  of  this  protein. 


RESULTS  AND  DISCUSSION 
Purification  and  Microsequencing  of  a  p-Opioid  Binding  Protein 

The  purification  to  homogeneity  of  an  opioid  binding  protein  (OBP)  from  bovine 
striatal  membrane  was  reported  by  us  some  years  ago.20  Briefly,  the  membranes  were 
solubilized  with  digitonin  and  the  extract  was  purified  in  two  steps,  ligand-affinity 
chromatography,  which  provided  the  major  purification  (4000-  to  5000-fold)  fol- 
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lowed  by  lectin-affinity  chromatography  on  wheat-germ  agglutinin  agarose,  for  a 
total  purification  of  60,000-  to  70,000-fold.  The  purified  protein  gives  a  single  band 
on  SDS-polyacrylamide  gel  electrophoresis  corresponding  to  a  molecular  mass  of  65 
kDa.  It  is  highly  glycosylated  and  enzymatic  deglycosylation  yields  a  protein  of  40-43 
kDa  (Gioannini  and  Simon,  unpublished  results).  Preliminary  evidence  suggested 
that  it  has  the  properties  of  a  fi-opioid  receptor,  though  this  evidence  was  not 
conclusive  because  the  purified  protein  bound  only  antagonists  with  high  affinity. 
High-affinity  agonist  binding  was  lost,  presumably  due  to  uncoupling  of  the  receptor 
protein  from  G-protein  (see  below  for  experiments  on  reconstitution). 

The  purified  protein  was  found  to  be  blocked  at  the  N-terminus.  Fragmentation 
with  cyanogen  bromide  and  sequencing,  kindly  carried  out  for  us  by  Dr.  C.  Strader  at 
Merck  &  Co.,  provided  two  peptides,  one  20  amino  acids  long  (peptide  I)  and  the 
other  13  amino  acids  in  length  (peptide  II).  More  recently,  Dr.  W.  Burgess  at  the 
American  Red  Cross  obtained  four  more  short  peptides  for  us  by  fragmentation  with 
lysine-protease  and  microsequencing.  It  is  of  interest  that  none  of  these  six  peptides 
are  found  in  the  published  amino  acid  sequence  of  the  cloned  p.-opioid  receptor. 
Attempts  to  clone  OBP,  using  PCR  and  direct  screening  of  cDNA  and  genomic 
libraries,  with  oligonucleotides  made  from  peptides  I  and  II,  have  not  yet  succeeded. 
This  is  presumably  because  of  the  relatively  short  peptides  and  their  high  level  of 
degeneracy.  The  following  sections  deal  with  studies  using  antibodies  (Abs)  made 
against  portions  of  peptide  I  and  II  and  with  the  reconstitution  of  purified  OBP  with 
G-proteins  in  liposomes. 


Antisera  against  Peptides  Derived  from  Opioid  Binding  Protein 

Our  laboratory,  in  collaboration  with  Dr.  Lawrence  Taylor  in  Dr.  Huda  Akil’s 
laboratory,  University  of  Michigan  (Ann  Arbor,  MI),  produced  six  antisera  against 
three  sequences  in  peptides  I  and  II.21  Table  1  lists  the  sequences  and  the  Abs  made 
against  them.  All  of  these  Abs  recognized  the  purified  OBP,  from  which  the  peptides 
are  derived.  They  immunoprecipitate  the  bulk  of  radioiodine-labeled  OBP  and  give 
an  immunoblot  at  the  correct  molecular  mass  of  65  kDa.  Most  of  our  subsequent 
studies  were  done  with  antiserum  Abl65,  made  against  the  N-terminal  12  amino 
acids  of  peptide  I,  the  most  immunoreactive  serum  against  the  OBP  protein.  In 
studies  of  a  number  of  bovine  brain  regions,  positive  immunoblot  signals  correspond¬ 
ing  to  a  molecular  mass  of  65  kDa  were  obtained  with  regions  known  to  be  rich  in 
jx-receptors,  whereas  no  signal  was  obtained  with  regions  devoid  of  opioid  receptors, 
such  as  white  matter.  Similarly,  the  cell  line,  SK-N-SH,  high  in  |x-opioid  receptors, 
gave  a  band  in  immunoblots,  whereas  HeLa  and  C-6  cells,  devoid  of  opioid  receptors, 
do  not.  Interestingly,  NG-108-15  cells  that  express  only  5-receptors  give  a  band  at  a 
slightly  lower  molecular  mass  of  approximately  60  kDa  with  Abl65.  This  may  suggest 
cross-reaction  with  5-receptors  or  the  presence  of  silent  and  slightly  different 
|x-receptors.  Experiments  are  in  progress  to  determine  which  of  these  alternatives  is 
correct. 

More  recently,  Dr.  Hiller  in  our  laboratory  has  carried  out  immunocytochemical 
studies  of  the  distribution  of  Abl65-reactive  material  in  the  rat  central  nervous 
system.22  It  parallels  very  closely  the  distribution  of  jx-opioid  receptor  binding, 
determined  by  autoradiography  by  ourselves23  and  by  others.24,25  Figure  2  shows  an 
example  of  these  studies,  namely,  the  spinal  cord  distribution  of  immunoreactivity  to 
Abl65. 
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FIGURE  1.  Amino  acid  sequences  of  the  cloned  p.-,  8-,  and  K-opioid  receptors  and  homologous 
G-protein  coupled  receptors.  Boldface  type  and  shading:  putative  transmembrane  domains.  *, 
putative  sites  for  phosphorylation  by  protein  kinase  A.  #,  putative  sites  for  N-linked  glycosyla- 
tion.  (Adapted  from  Wang  etal., 13  with  permission.) 


Reconstitution  of  High-Affinity  Binding  and  GTPase  Stimulation 

Our  preliminary  pharmacological  evidence  as  well  as  the  results  of  the  studies 
with  the  antibodies  directed  against  peptides  from  purified  OBP  suggested  that  OBP 
was  a  ^.-binding  protein.  However,  these  results  were  not  conclusive,  and  real  proof 
had  to  come  from  pharmacological  studies  of  the  reconstituted  purified  OBP, 
described  in  this  section. 
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FIGURE  1.  ( continued ) 


Our  initial  studies  of  OBP  reconstitution26  were  done  with  a  CHAPS  extract  of 
bovine  striatal  membranes  as  the  source  of  phospholipids  and  G-proteins.  This 
extract  was  prepared  in  the  absence  of  sodium,  which  we  have  shown  to  solubilize 
very  little  opioid  binding  activity.  Heating  the  extract  at  37  °C  for  30  min  removed  any 
residual  traces  of  opioid  binding  activity.  Lipid  vesicles  were  formed  by  adding 
purified  OBP  to  the  CHAPS  extract,  precipitating  the  mixture  with  polyethyleneglycol- 
6000  (PEG),  and  resuspending  the  pellet,  resulting  from  centrifugation  at  12,000  x  g 


table  l.  Antipeptide  Antibodies  Generated  against  Amino  Acid  Sequences 
Derived  from  Opioid  Binding  Protein 


Amino  Acid  Sequence 

Antibody 

Peptide  1-1-12 

IRNLRQDRSKYY[X] 

165, 166,  6639 

Peptide  1-14-20 

NFFYKRL 

163 

Peptide  II-1-9 

Y*SNNVLFVSH[XFND] 

161, 162 

Note:  *,  Y-tyrosine  added  to  permit  iodination  of  peptide.  X  indicates  unknown  amino  acids. 
Bracketed  residues  were  not  used  for  antibody  production.  (Gioannini  et  al.21  Reprinted  with 
permission  from  Molecular  Pharmacology. ) 
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FIGURE  2.  Distribution  of  immunoreactivity  against  Abl65  in  the  rat  lumbar  spinal  cord.  (A) 
High  levels  of  immunoreactivity  are  seen  in  lamina  I  and  lamina  II  (substantia  gelatinosa)  of  the 
dorsal  horn.  Higher  magnification  of  the  (boxed  area  of  panel  A)  dorsal  horn,  shown  in  panel  B, 
reveals  that  laminae  III  and  IV  also  contain  immunopositive  cell  bodies.  An  edge  artifact  is 
apparent  in  the  upper  right  corner  of  this  panel.  It  is  also  notable  that  the  median  aspect  of 
lamina  V  (see  panel  A)  contains  a  substantial  level  of  immunoreactivity.  In  the  ventral  horns, 
large  individual  immunopositive  cell  bodies  can  be  seen  in  laminae  VII,  VIII,  and  IX.  Bars,  A  = 
100  pm,  B  =  2  pm.  (Hiller  et  al. 22  Reproduced,  with  permission,  from  Neuroscience. ) 


in  Tris  buffer  containing  magnesium.  Figure  3  shows  that  the  selective  p-agonist 
DAGO  binds  saturably  and  with  high  affinity  to  the  reconstituted  OBP.  The  figure 
also  shows  that  the  binding  is  vety  selective  for  p-ligands.  The  binding  was  found  to 
be  completely  dependent  on  and  proportional  to  the  amount  of  OBP  added  to  the 
liposomes,  stereospecific  and  sensitive  to  inhibition  by  GTPyS.  The  affinity  of 
DAGO  for  reconstituted  OBP  was  1.5  nM,  identical  to  that  seen  in  the  membrane- 
bound  p-opioid  receptor  in  bovine  striatal  membranes.  Functional  coupling  was  also 
achieved,  as  evidenced  by  the  stimulation  of  low  Km  GTPase  by  p-agonists,  such  as 
DAGO. 
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More  recently  we  repeated  the  reconstitution  studies  with  purified  G-proteins  in 
collaboration  with  the  laboratory  of  John  Hildebrandt  at  South  Carolina  Medical 
University  (Charleston,  SC)  (manuscript  in  preparation).  Most  of  the  studies  were 
carried  out  with  a  highly  purified  mixture  of  brain  G-proteins,  composed  of  80%  G0A> 
7-8%  Goc?  7-8%  Gii  and  small  amounts  of  G0B  and  Gi2.  Some  experiments  with 
individual  purified  G-proteins  were  also  done.  The  liposomes  were  formed  by  mixing 
purified  OBP  with  phosphatidylcholine  (Sigma)  and  the  purified  G-proteins.  The 
mixture  was  precipitated  with  PEG,  centrifuged  at  100,000  x  g,  and  resuspended  in 
Tris  buffer  containing  magnesium.  Functional  reconstitution  was  assessed  by  mea¬ 
surement  of  opioid  stimulation  of  low  Km  GTPase.  Opioid  ligands,  such  as  DAGO, 
morphine  and  levorphanol,  produced  up  to  100%  stimulation  of  GTPase.  The 
stimulation  was  reversed  by  (— )naloxone  but  not  by  (+)naloxone.  Dextrorphan,  the 
inactive  enantiomer  of  levorphanol,  was  inactive  and  so  were  8-  and  K-agonists. 


FIGURE  3.  Studies  of  opioid  binding 
to  purified  opioid  binding  protein 
(OBP)  reconstituted  in  liposomes  with 
CHAPS  extract  of  bovine  striatal 
membranes.  (A)  Saturation  curve  and 
Scatchard  plot  of  [3H]DAGO  binding 
to  reconstituted  purified  OBP.  (B) 
Competition  of  |x  (DAGO),  8  (DP- 
DPE),  and  k  (U50,  488H)  agonist 
ligands  for  [3H]bremazocine  (1.5  nM) 
binding  to  reconstituted  OBP.  (Gio- 
annini  et  al.26  Reproduced,  with  per¬ 
mission,  from  Biochemical  and  Bio¬ 
physical  Research  Communications . ) 
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Studies  of  |x-agonist  binding  showed  that  high-affinity  binding  to  reconstituted  OBP 
was  obtained  both  with  the  G-protein  mixture  and  with  individual  G-proteins. 
Differences  in  efficacy  between  different  G-proteins  were  not  significant.  Further¬ 
more,  differences  observed  could  represent  differences  in  incorporation  of  various 
G-proteins  into  liposomes,  in  the  level  of  coupling  or  in  the  nature  of  the  coupling. 
We  cannot  at  present  distinguish  among  these  possibilities.  It  should  be  noted  that 
the  level  of  binding  and  the  affinity  of  DAGO  binding  were  lower  than  those  seen 
when  CHAPS  extract  was  the  source  of  G-proteins.  This  could  be  due  to  the  absence 
of  factors  that  favor  high  levels  of  incorporation  into  liposomes  and  coupling  or  to 
some  slight  denaturation  of  G-proteins  during  purification.  The  affinity  of  DAGO 
binding,  BQ  =  7  nM,  was  high  but  somewhat  lower  than  the  IQ  =  1.5  nM  we  observed 
in  the  experiments  with  CHAPS  extract. 

In  summary,  our  studies  with  antisera  directed  against  peptides  derived  from 
purified  OBP,  and  especially  the  pharmacological  profile  obtained  with  reconstituted 
OBP,  demonstrate  clearly  that  we  have  purified  a  p-receptor.  The  fact  that  none  of 
the  peptides  obtained  from  the  purified  protein  are  identical  to  sequences  in  the 
cloned  p-receptor  suggests  that  it  may  be  a  different  subtype,  the  predominant 
subtype  in  bovine  brain.  Our  results  suggest  that  this  subtype  of  p-opioid  receptor  is 
also  present  in  rat  brain  or,  alternatively,  that  sequence  homology  and/or  tertiary 
structural  similarities  give  rise  to  cross-reactivity  of  the  rat  p-receptor  with  our 
antisera. 
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The  pharmacology  of  the  various  opioid  receptors  has  been  well  studied.  The 
availability  of  large  numbers  of  selective  agonists  and  antagonists  has  permitted  the 
correlation  of  specific  receptors  defined  in  binding  assays  with  selected  pharmacologi¬ 
cal  actions  (Table  1).u  Virtually  all  the  established  opioid  receptor  subtypes  elicit 
analgesia,  although  the  localization  of  their  actions  varies.  In  addition  to  regional 
differences,  highly  selective  agonists  for  the  different  subtypes  do  not  demonstrate 
cross-tolerance,  implying  that  they  are  activating  distinct  systems  leading  to  a 
common  response.  A  full  understanding  of  these  receptor  mechanisms  requires  the 
elucidation  of  the  molecular  mechanisms  responsible  for  these  in  vivo  actions.  We 
now  review  recent  work  from  our  laboratory  correlating  the  molecular  biology  and 
pharmacology  of  opioid  receptors. 


DELTA  RECEPTORS 

Recently,  two  groups  reported  the  cloning  of  the  delta  opioid  receptor  (DOR- 
l).3'4  This  seminal  discovery  was  soon  followed  by  the  identification  of  clones 
encoding  mu  and  kappa  receptors.5-14  All  three  families  show  high  degrees  of 
homology,  but  are  quite  distinct  in  both  the  N-  and  C-termini,  as  well  as  the  second 
extracellular  loop  and  the  two  adjacent  transmembrane  regions.  When  expressed,  all 
three  families  show  the  anticipated  binding  selectivities  towards  large  numbers  of 
opioids.  Functionally  they  are  active,  inhibiting  stimulated  adenylyl  cyclase. 

Although  these  studies  all  inferred  that  the  cloned  receptors  corresponded  to 
those  identified  pharmcologically,  a  formal  connection  had  not  been  demonstrated. 


■■'This  work  was  supported  by  grants  from  the  National  Institute  on  Drug  Abuse  to  G.W.P. 
(DA02615  and  DA07242).  G.W.P.  is  a  recipient  of  a  Research  Scientist  Award  from  the 
National  Institute  on  Drug  Abuse  (DA00220),  and  Y-X.P.  is  supported  by  a  fellowship  from  the 
Aaron  Diamond  Foundation. 

b Address  correspondence  to  Dr.  Gavril  W.  Pasternak,  Department  of  Neurology,  Memorial 
Sloan-Kettering  Cancer  Center,  1275  York  Avenue,  New  York,  NY  10021. 
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We  addressed  this  question  using  an  antisense  approach  to  selectively  down-regulate 
naturally  occurring  mRNA  by  using  short  oligodeoxynucleotides  (ODN)  with  comple¬ 
mentary  sequences.  We  first  examined  delta  receptors  in  a  tissue  culture  model  (Fig. 
I).15  We  tested  a  series  of  antisense  ODN  directed  at  different  regions  of  cDNA 
encoding  the  receptor,  including  both  coding  and  untranslated  regions.  All  the 
antisense  ODN  successfully  down-regulated  delta  binding  in  the  NG108-15  cells.15 
This  indicated  that  the  location  of  the  antisense  ODN  on  the  mRNA  was  not  critical. 
As  controls,  we  also  examined  additional  ODN.  The  sense  ODN,  which  cannot 
anneal  to  the  mRNA,  was  inactive.  However,  mixing  the  sense  ODN  with  its 
corresponding  antisense  ODN  prior  to  their  addition  to  the  cultured  cells  prevented 
the  actions  of  the  antisense  ODN.  A  mismatch  ODN,  in  which  we  scrambled  the 
sequence  of  four  bases  without  changing  the  overall  base  composition,  also  was 
without  effect,  demonstrating  the  stringent  specificity  of  the  response. 


table  1.  Tentative  Classification  of  Opioid  Receptor  Subtypes  and  Their  Actions" 


Receptor 

Analgesia 

Other 

Mu 

Mui 

Supraspinal 

Prolactin  release 

Feeding 

Acetylcholine  release  in  the  brain 

MU2 

Spinal 

Respiratoiy  depression 
Gastrointestinal  transit 

Dopamine  turnover  in  the  brain 
Feeding 

Guinea-pig  ileum  bioassay 

Most  cardiovascular  effects 

Kappa 

Kappa  i 

Spinal 

Diuresis 

Feeding 

Kappa2 

Unknown 

Kappa3 

Supraspinal 

Delta 

Mouse  vas  deferens  bioassay 

Delta] 

Supraspinal 

Delta2 

Spinal  and  supraspinal 

"Modified  from  Pasternak.12 


We  then  examined  antisense  ODN  in  vivo.  The  paradigm  employed  injections  of 
antisense  on  days  1,  3,  and  5,  followed  by  analgesic  testing  on  day  6.  We  used  this 
approach  to  obtain  a  prolonged  down-regulation  of  receptor  synthesis.  The  turnover 
of  opioid  receptors  is  approximately  3^1  days.16  By  maintaining  the  antisense 
treatments  over  5  days,  we  permitted  the  loss  of  preexisting  receptors.  Administered 
intrathecally,  the  antisense  selectively  blocked  the  analgesic  actions  of  two  delta 
agonists,  DPDPE  and  deltorphin  II,  without  affecting  either  mu  or  delta  actions 
(Fig.  2). 15  Again,  the  mismatch  controls  were  without  effect. 

Additional  controls  explored  the  stability  of  the  ODN  under  these  conditions.  In 
tissue  culture  studies,  radiolabeled  ODN  is  rapidly  taken  up  by  cells  and  as  much  as 
5%  remains  associated  with  the  cells  as  intact  ODN,  as  indicated  by  its  size  on  gels. 
Similar  results  were  seen  in  vivo.  Measurements  of  mRNA  levels  of  DOR-1  following 
intrathecal  administration  reveal  a  30%  reduction,  similar  to  the  loss  of  binding. 
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HI  Antisense  (250  nM) 
HU  Antisense+Sense 


FIGURE  1.  Down-regulation  of  delta  receptor  binding  by  antisense  to  DOR-1.  NG108-15  cells 
were  incubated  for  5  days  with  the  various  antisense  oligodeoxynucleotides  at  250  nM,  unless 
stated  otherwise.  The  schematic  representation  provides  an  indication  of  the  location  of  the 
antisense.  Antisense  A  is  directed  at  the  N-terminus  of  the  receptor,  whereas  the  others  are 
directed  at  regions  downstream,  including  the  3'-untranslated  region.  (From  Standifer  et  a/.15 
Reproduced,  with  permission,  from  Neuron. ) 


Although  the  mechanism  through  which  these  ODN  act  remains  unclear,  they  do 
down-regulate  both  receptors  and  mRNA. 


MU  AND  KAPPA!  RECEPTORS 

Using  similar  approaches,  we  also  demonstrated  that  antisense  ODN  directed 
against  kappai17  and  mu  receptors18  also  down-regulated  the  receptors  against  which 
they  were  designed.  In  all  cases,  our  studies  demonstrated  remarkable  selectivity 
among  the  various  receptor  classes,  suggesting  that  this  antisense  approach  might  be 
a  reasonable  approach  for  selectively  screening  partial  sequences  of  novel  proteins 
for  pharmacological  activity  without  having  to  clone,  sequence,  and  express  complete 
gene  products. 


CLONING  A  KAPPA3-RELATED  OPIOID  RECEPTOR 

Several  years  ago,  we  identified  a  novel  opioid  binding  site,  termed  kappa319-23 
(for  review,  see  ref.  1).  Although  it  fit  the  traditional  criteria  for  inclusion  in  the 
opioid  receptor  family,  it  is  readily  distinguished  from  the  mu,  delta  or  kappai 
receptors.  Kappa3  receptors  display  a  binding  profile  that  differs  from  the  others  and, 
in  tissue  culture  studies,  inhibits  adenylyl  cyclase  through  mechanisms  independent 
of  mu,  delta  or  kappai  receptors.24  In  vivo,  kappa3  receptors  elicit  analgesia  supraspi- 
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nally.  Additionally,  it  demonstrates  no  cross-tolerance  with  the  other  subtypes, 
particularly  mu  receptors.20’22 

The  cloning  of  delta  receptors  quickly  led  to  the  identification  of  clones  corre¬ 
sponding  to  the  mu  and  kappax  receptors  using  reverse  transcriptase-polymerase 


Antisense  Mismatch  Saline 


FIGURE  2.  Selective  blockade  of  delta  analgesia  by  a  DOR-1  antisense.  (A)  Groups  of  mice 
received  Antisense  A  on  days  1,  3,  and  5  intrathecally,  and  analgesia  was  assessed  on  day  6  in 
the  tailflick  assay  15  min  after  receiving  DPDPE  (0.5  ^g),  DAMGO  (8  ng)  or  U50,488H  (25 
jxg).  (B)  Groups  of  mice  received  Antisense  A,  Mismatch  A  or  saline  on  days  1,  3,  and  5  and 
were  tested  for  analgesia  with  DPDPE  (0.5  fxg)  on  days  6,  8,  and  10.  (From  Standifer  et  al.15 
Reproduced,  with  permission,  from  Neuron .) 
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chain  reaction.  Anticipating  strong  homology  among  the  opioid  receptor  classes,  we 
employed  a  similar  approach  based  upon  the  sequence  of  the  delta  receptors  in  an 
effort  to  look  for  additional  opioid  receptor  subtypes.  In  addition  to  the  sequences 
corresponding  to  delta,  mu,  and  kappa;  clones,  we  isolated  a  unique  sequence  of 
approximately  500  bases  which  had  high  homology  to  the  others.  Before  committing 
our  resources  to  cloning  the  full-length  cDNA,  we  explored  the  pharmacological 
relevance  of  the  PCR  employing  the  antisense  approach  described  above.  We 
designed  a  20  mer  complimentary  to  the  PCR  product  and  administered  it  intracere- 
broventricularly  (i.c.v.)  in  mice  using  the  same  paradigm  we  had  previously  devel¬ 
oped  for  the  other  opioid  receptors.15*17’18  For  a  control,  we  designed  a  mismatch 
ODN  in  which  the  sequence  of  four  bases  of  the  20  were  scrambled,  preventing 
effective  annealing  with  the  mRNA  of  interest.  When  we  examined  the  animals, 
antisense  treatment  had  little  effect  on  the  analgesic  actions  of  morphine,  DPDPE  or 
U50,488,  implying  that  the  sequence  was  not  encoding  a  mu,  delta  or  kappa; 
receptor,  respectively.  However,  the  antisense  effectively  blocked  the  analgesic 
actions  of  the  kappa3  analgesic  naloxone  benzoylhydrazone  (NalBzoH).14'25  The 
mismatch  control  was  inactive.  This  selective  down-regulation  of  kappa3  analgesia 
indicated  that  this  clone  was  closely  related  to  the  kappa3  receptor. 

With  this  information,  we  proceeded  to  clone  the  full-length  cDNA,  which  we 
termed  KOR-3  (GenBank  accession  number  U09421).  The  sequence  is  very  similar 
to  a  recently  reported  putative  opioid  receptor,  ORL1,25  and  has  been  observed  by 
other  groups.14  Once  we  had  obtained  the  full  sequence,  we  expressed  the  clone  in 
COS-7  cells.  Using  a  monoclonal  antibody  (mAb8D8)  directed  against  native  kappa3 
receptors  in  BE(2)-C  neuroblastoma  cells,  we  found  that  on  Western  analysis  the 
monoclonal  antibody  recognizes  our  clone  expressed  in  COS-7  cells  (Brooks,  A.,  et 
al.,  in  preparation).  Control  COS-7  cells  transfected  with  the  vector  lacking  our  clone 
did  not  display  any  immunoreactivity.  The  in  vitro  translation  product  of  the  clone 
also  was  recognized  by  Western  using  mAb8D8.  Thus,  both  the  antibody  and 
antisense  approaches  closely  associate  the  cloned  receptor  with  the  kappa3  site. 
However,  the  expressed  receptor  was  not  functionally  active.  Attempts  to  demon¬ 
strate  binding  were  ambiguous.  Although  we  occasionally  could  see  cyclase  effects, 
they  were  not  very  robust. 

In  view  of  the  difficulty  in  expressing  a  functional  receptor,  we  returned  to  the 
antisense  approach  to  determine  whether  the  clone  truly  corresponds  to  the  kappa3 
receptor.  We  chose  five  regions  in  the  open  reading  frame  as  well  as  two  regions  in 
the  3 '-untranslated  region,  designed  antisense  ODN,  and  performed  antisense 
studies  on  analgesia.  In  all  cases,  the  antisense  blocked  the  kappa3  analgesic 
response  in  vivo.  Southern  analysis  indicates  a  single  gene  encoding  the  sequence, 
further  strengthening  the  implication  that  the  KOR-3  clone  derives  from  the  gene 
encoding  the  kappa3  receptor.  However,  it  does  not  explain  the  difficulty  obtaining  a 
functionally  active  receptor.  A  number  of  possibilities  exist.  Although  the  receptor  is 
expressed  in  the  COS-7  cells,  needed  posttranslational  changes  may  not  be  taking 
place  or  necessary  transduction  systems  or  G-proteins  may  not  be  available.  Alterna¬ 
tively,  there  may  be  splice  variants  of  the  receptor.  Indeed,  we  have  evidence  for  a 
splice  site  between  the  first  and  second  transmembrane  domains,  a  location  similar 
to  that  seen  with  the  other  opioid  receptor  classes.  Although  we  have  not  yet 
identified  alternative  sequences  in  the  coding  region,  alternative  splicing  remains  a 
strong  possibility.  All  the  antisense  ODN  directed  downstream  from  the  splice  site 
down-regulated  NalBzoH  analgesia  as  noted  above.  However,  when  we  examined  an 
additional  series  of  ODN  directed  at  sequences  upstream  from  the  splice,  only  one  of 
the  five  blocked  NalBzoH  analgesia.  This  response  is  quite  distinct  from  that  seen 
with  the  ODN  designed  against  the  regions  downstream,  all  of  which  block  kappa3 
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analgesia.  Although  indirect,  this  may  be  an  indication  that  the  kappa3  receptor  is  a 
splice  variant  of  our  clone,  both  being  derived  from  a  single  gene. 


SUMMARY 

We  cloned  a  kappa3-related  opioid  receptor,  and  although  it  is  still  not  clear 
whether  this  clone  corresponds  to  the  kappa3  receptor  itself  or  is  a  related  gene 
product,  the  extensive  antisense  mapping  and  the  antibody  immunoreactivity  strongly 
associate  this  clone  with  the  kappa3  receptor.  Our  approach  also  indicates  the 
usefulness  of  antisense  approaches  in  mapping  and  identifying  orphan  receptors. 
Perhaps  it  is  most  effective  in  identifying  partial  sequences  prior  to  cloning  them  in 
their  entirety.  It  also  provides  a  mechanism  of  identifying  proteins  that  are  not 
expressed  functionally. 
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Opioid  drugs  and  opioid  peptides  produce  their  behavioral  effects,  including  antino¬ 
ciception,  by  interactions  with  opioid  receptors  in  the  central  nervous  system.  The 
existence  of  specific  opioid  receptors  was  originally  suggested  by  behavioral  and 
clinical  studies,  and  was  confirmed  by  biochemical  identification  (in  vitro  binding 
experiments)  in  1973. 1-4  Since  then,  extensive  studies  have  been  undertaken  on  their 
localization,  biochemical,  and  pharmacological  characterization. 

The  classical  ligand  for  opioid  receptors  is  morphine  (Fig.  1.),  originating  from 
the  alkaloids  of  the  poppy  plant.  As  far  as  the  structural  requirements  are  concerned 
for  opiate  action,  the  presence  of  a  phenolic  OH  group  in  position  3  is  important. 
The  substitutions  on  the  nitrogen  determine  the  agonistic  or  antagonistic  character 
of  the  ligand:  the  methyl  group  results  in  agonistic  properties,  whereas  the  allyl  group 
(as  in  the  case  of  naloxone)  leads  to  an  antagonistic  character.  The  allyl  group  can  be 
replaced  by  a  cyclopropylmethyl  or  propyl  group  (e.g.,  naltrexone,  or  N-propyl- 
noroxymorphone). 

The  first  endogenous  ligands  for  opioid  receptors  were  identified  in  1975  by 
Hughes  et  al.5  The  N-terminal  Tyr  of  the  two  pentapeptides  (methionine-  and 
leucine-enkephalins)  correspond  to  the  A  ring  of  morphine  (Fig.  2).  A  number  of 
other  endogenous  opioid  peptides  have  been  described  in  the  meantime.  A  represen¬ 
tative  list  of  them  is  outlined  in  Table  1.  Most  of  these  compounds  show  a 
homology — the  first  four  residues  are  identical.  This  structural  arrangement  can 
easily  be  explained  by  the  “message-address”  concept,  originally  described  by 
Schwyzer.6  The  N-terminal  region  of  the  molecule  is  constant  and  carries  the 
message,  whereas  the  other  part  is  fairly  variable,  resulting  in  functional  heterogene¬ 
ity.  Accordingly,  opioid  receptors  are  heterogeneous,  consisting  of  at  least  three 
major  types,  mu,  delta,  and  kappa.  The  major  opioid  receptor  types,  their  represen¬ 
tative  ligands,  and  effects  are  shown  in  Table  2.  The  three  opioid  receptors  exhibit 
different  ligand  selectivity  profiles.  Most  endogenous  opioids  and  synthetic  ligands 
do  not  possess  absolute  specificity  for  a  given  receptor  type,  but  can  interact  with 
more  than  one  opioid  receptor  type.  The  situation  is  further  complicated  by  the  fact 
that  multiple  receptor  types  may  coexist  within  a  single  tissue,  or  even  in  a  cell. 
Although  the  multiplicity  of  opioid  receptors  is  generally  accepted,  the  molecular 
basis  of  the  heterogeneity  is  not  completely  understood.  The  primaiy  structure  of  the 
delta  receptor  cDNA  was  reported  simultaneously  by  Kieffer  et  al.1  and  Evans  et  al.8 
at  the  end  of  1992,  followed  by  the  cloning  of  the  mu9  and  kappa  receptor.10  Further 
multiplicity  has  not  been  proved  yet  by  the  cloning  experiments.1112 

A  better  understanding  of  multiple  opioid  receptor  structures  and  functions  is  of 
great  importance  for  both  the  theoretical  and  practical  points  of  view.  Over  the  last 
few  years  increasing  attention  has  been  focused  on  studies  of  the  heterogeneity  of  the 
opioid  receptor  types  and  especially  on  opioids  acting  at  the  delta  as  well  as  the 
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OPIOID 


AGONIST  ANTAGONIST 


MORPHINE  NALOXONE 

FIGURE  1.  Chemical  structure  of  classical  opioid  ligands. 


kappa  receptors,  because  these  compounds  may  cause  fewer  side  effects  than  mu 
opioid  receptor  agonists  do,  thereby  possibly  providing  an  attractive  alternative  to 
the  currently  used  opioid  analgesics.  Several  attempts  are  presently  under  way  in 
various  laboratories  to  develop  highly  specific  compounds,  the  use  of  which  is  crucial 
for  understanding  the  mechanism  of  opioid  action  at  the  level  of  the  endogenous 
system,  in  neurochemical  processes  in  various  mental  diseases  and  pain  states,  and 
will  be  of  direct  benefit  in  improved  therapy. 

Opioid  drugs  are,  and  will  continue  to  be,  essential  therapeutic  agents.  They 
provide  the  ultimate  treatment  for  pain,  but  their  use  is  complicated  by  many  other 
effects.  The  most  notable  ones  include  respiratory  depression,  sedation,  and  gastro¬ 
intestinal  dysfunction.  Chronic  use  of  opioids  can  also  result  in  addiction  and 
physical  dependence.  The  production  of  compounds  selective  for  the  opioid  receptor 
types/subtypes  may  provide  the  means  to  safe  analgesics.  The  observation  that 
distinct  receptor  types  may  mediate  different  nonanalgesic  effects  opened  the 
possibility  that  some  opioid  side  effects  might  be  avoided  by  more  selective  drugs 
acting  on  different  opioid  receptor  populations.  The  important  role  of  mu  opioid 
receptors  in  the  development  of  opioid  tolerance  and  physical  dependence  is  well 
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documented.  However,  the  involvement  of  delta  opioid  receptors  in  the  development 
of  these  adaptive  phenomena  is  less  known. 

Opioid  antagonists  have  been  indispensable  pharmacological  tools  for  identifying 
receptor  types  involved  in  the  interaction  with  endogenous  and  synthetic  opioid 
agonists.  The  antagonists  are  especially  useful  in  the  case,  when  the  pharmacological 
endpoints  are  identical  (e.g.,  antinociception  or  inhibition  of  a  smooth  muscle 
preparation  by  agonists),  and  it  is  not  easy  to  distinguish  among  mu,  delta,  and  kappa 
opioid  receptor  mediated  agonist  effects. 

In  this  review  we  describe  the  characteristics  of  a  number  of  new  opioid  ligands 
prepared  in  normal  and  in  tritiated  forms. 


table  2.  Heterogeneity  of  Opioid  Receptors 


P- 

8 

K 

(3-end  >  dynA  > 
met  >  leu“ 

met  =  leu  > 
(3-end  >  dynA“ 

dynA  »  (3-end  > 
leu  =  met0 

Selective  agonists 

DAMGO 

Sufentanyl 

PL017 

DPDPE 

DSBULET 

[D-Ala2]Deltorphins 

U69593 

CI977 

ICI197067 

Selective  antagonists 

CTAP 

Cyprodime 

ICI 174864 
Naltrindole 

TIPP 

Nor-binaltorphimine 

Radioligands 

[3H]DAMGO 

[3H]PL017 

[3H]DPDPE 

[3H]TIPP 

[3H]Naltrindole 

[3H]U69596 

[3H]CI977 

Predominant  effectors 

cAMP  [ 

K+  channel  f 

Ca2+  channel  1 

cAMP  i 

K+  channel  | 

Ca2+  channel  j 

cAMP  i 

K+  channel  | 

Ca2+  channel  1 

Structural  information 

398  aa  rat,  mouse 
7TM 

372  aa  rat,  mouse 
7TM 

380  aa  rat,  mouse 

7TM 

“Potency  order. 


MU  RECEPTOR-SPECIFIC  LIGANDS 


Agonists 

The  clinically  employed  opioid  alkaloids  (morphine,  methadone,  fentanyl,  etc.) 
preferentially  bind  to  the  mu  receptors  and  have  a  high  potential  for  abuse.  Their  use 
is  limited  because  of  the  development  of  tolerance  and  dependence  and  other  side 
effects  (respiratory  depression,  etc.).  Recently  a  new  group  of  compounds  (14- 
alkoxymetopon  derivatives)  was  described13  with  reduced  dependence  liability.  It 
was  shown  earlier  that  the  introduction  of  a  14-metoxy  group  to  N-methylmorphinane- 
6-ones  leads  to  a  dramatic  increase  in  antinociceptive  potency.14  A  number  of 
14-alkoxymetopons  (Fig.  3)  have  been  tested  in  biochemical  and  pharmacological 
assays.13  It  was  shown  that  the  new  ligands  exhibited  high  affinity  towards  the  mu 
sites.  The  sodium  indexes  were  found  to  be  extremely  high  (between  41-133), 
reflecting  the  agonist  property  of  the  compounds.  This  was  further  proved  on 
isolated  guinea-pig  longitudinal  muscle  preparation,  where  the  relative  potency  was 
48-72  times  higher  than  that  of  normorphine.  The  naloxone  reversible  antinocicep- 
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FIGURE  3.  Chemical  struc¬ 
ture  of  alkoxymetopons. 


CH3 


(1)  Rj  =  R2=H  (OXYMORPHONE); 

(2)  R!=  R2=CH3  (14-METHOXYMETOPON); 

(3)  Ri  =  C2H5,R2=CH3  (14-METHOXYMETOPON); 

(4)  Rj=  R2=CH3,  7.8  (14-METHOXY-5-METHYLMORPHINON). 

five  effects  in  rats  and  mice  were  130-300  times  higher  than  in  the  case  of  morphine. 
Moreover,  the  dependence  liability  of  the  14-alkoxymetopon  derivatives  in  the 
withdrawal  jumping  tests  was  less  pronounced  than  that  of  morphine  (38-78%  of 
control)  in  both  species.  It  was  also  found  by  our  laboratory  that  a  major  side 
effect — respiratory  depression — of  opioid  alkaloids  is  diminished  using  certain  codei- 
none  analogues,  which  still  hold  analgesic  potency15  (see  more  detailed  description 
under  the  section  Affinity  Labeling). 


Antagonists 

Cyprodime  is  known  to  be  the  only  pure  mu  antagonist  ligand  among  the 
heterocyclic  compounds.16  It  has  recently  been  radiolabeled17  according  to  the 
schematic  representation  shown  in  Figure  4.  This  enzymatic  procedure  was  chosen 
to  have  a  brominated  precursor  that  was  followed  by  catalytic  dehalogenation 
methods  to  obtain  theoretical  specific  radioactivity.  The  complete  biochemical 
characterization  of  this  radioligand  is  currently  in  progress. 


DELTA  RECEPTOR-SPECIFIC  LIGANDS 

Pharmacological  evidence  has  suggested  the  existence  of  two  delta  receptor 
subtypes  in  the  brain  in  1991. 1819  From  the  known  delta-specific  ligands,  [D-Pen2, 


31.6  Ci/mmol 


FIGURE  4.  Tritiation  of  the  mu-specific  opioid  antagonist,  cyprodime. 
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table  3.  Selected  Endogenous  Opioid  Peptides  from  Frog  Skin 


Dermorphin 

TYR-d-ALA-PHE-GLY-TYR-PRO-SER-NH2 

Deltorphin 

TYR-D-MET-PHE-HIS-LEU-MET-ASP-NH2 
Deltorphin  I 

TYR-d-ALA-PHE-ASP-VAL-VAL-GLY-NH2 
Deltorphin  II 

TYR-d-ALA-PHE-GLU-VAL-VAL-GLY-NH2 


D-Pens]enkephalin  (DPDPE)20  is  thought  to  be  primarily  an  agonist  at  the  opioid 
deltaj  subtype,  whereas  [D-Ala2,  Glu4]deltorphin  is  a  selective  agonist  at  the  delta2 
subtype.21 


Agonists 

Linear  hexapeptides,  DSLET  (Tyr-D-Ser-Gly-Phe-Leu-Thr)  and  DTLET  (Tyr-D- 
Thr-Gly-Phe-Leu-Thr),  have  been  developed  in  the  laboratory  of  Roques.  Recently, 
researchers  there  introduced  the  lipophylic  and  bulky  tert-butyl  group  on  the  Ser2 
and  Thr6  amino  acids  of  DSLET.  The  resulting  new  compounds  (DSBULET, 
BUBU,  and  BUBUC)  are  highly  potent  and  selective  full  agonist  of  delta  receptors.22 
BUBU  and  BUBUC  are  protected  from  peptidases  and  were  recently  shown  to  be 
able  to  enter  the  brain,23  allowing  for  the  first  time  the  effects  resulting  from  delta 
receptor  stimulation  to  be  investigated  after  systematic  administration,  that  is,  in 
clinically  relevant  conditions.  BUBU  and  BUBUC  display  interesting  antidepressant¬ 
like  properties  and  spinal  analgesic  activity  without  cross  tolerance  to  morphine  in 
chronic  pain. 

Following  the  isolation  of  a  heptapeptide  (dermorphin)  from  frog  (Phyllomedusa 
sauvagei )  skin,24  another  peptide  (deltorphin)  was  found  by  recombinant  DNA 
technology.25  Both  peptides  derive  from  a  common,  larger  precursor  and  contain 
amino  acids  with  a  D  configuration  in  position  2.  Later  two  more  peptides  were 
identified  in  another  frog  species26  and  were  found  to  be  excellent  ligands  for  the 
delta  receptor  type  (Table  3). 

Buzas  et  al.  prepared  and  characterized  the  delta2-specific  peptide  deltorphin  II 
in  tritiated  form.27  Lately,  new  analogues  of  this  compound  have  been  synthesized, 
with  the  aim  of  better  specificity  and  affinity  towards  the  delta2  sites.  Among  them, 
He  residues  were  incorporated  into  the  fifth  and  sixth  position  of  deltorphin  II28  and 
radiolabeled  using  a  diiodo-Tyr  containing  precursor  peptide29  (Table  4).  The 
presence  of  the  more  hydrophobic  residues  resulted  in  an  increased  affinity  (K^:  0.4 


table  4.  Tritiation  of  Deltorphin  Analogues 


Peptide 

Catalyst 

Specific  Activity 
GBq/mmol  (Ci/mmol) 

[p-3H-Phe3]Deltorphin  II 

PdO 

726 

(20.6) 

[p-3H-Phe3]Deltorphin  II 

PdO/BaS04 

908 

(24.5) 

[3',5'-3H-TyrI,Ile5’6]Deltorphin  II 

PdO/BaS04 

2364 

(63.9) 
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nM)  and  selectivity  (selectivity  ratios:  mu/delta  2400;  kappa/delta  18000).  Further 
advantages  of  this  ligand  are  low,  nonspecific  binding  (<25%)  and  high,  specific 
radioactivity  (Table  4). 


Antagonists 

A  potent  and  moderately  selective  delta  antagonist  was  developed  by  Portoghese. 
The  structure  of  naltrindole  (NTI)30  is  based  on  the  morphinane  skeleton  to  which 
an  indole  nucleus  is  fused  (Fig.  5).  It  was  shown  that  the  development  of  acute 
tolerance  and  dependence  in  mice  pretreated  with  NTI  before  induction  of  tolerance 
and  dependence  with  morphine  sulfate  was  markedly  suppressed.  The  use  of  this 
delta-opioid  receptor  antagonist  allows  a  way  to  prevent  opioid  tolerance  and 
physical  dependence  without  compromising  the  antinociceptive  activity  of  mu-opioid 
receptor  agonists  such  as  morphine.  Recently,  NTI  was  radiolabeled  in  one31  and 
subsequently  in  two  positions.3233  This  ligand  binds  to  delta  opioid  receptors  with 
high  affinity,  but  a  significant  proportion  of  the  binding  becomes  wash-resistant.  This 
pseudoirreversible  nature  of  the  binding  might  be  due  to  the  hydrophobic  property 
of  the  ligand. 


NALTREXONE  NALTRINDOLE 

FIGURE  5.  Structure  of  selected  opioid  antagonists. 


Relatively  selective  antagonists  have  recently  been  obtained:  [D-Ala2,  Leu5, 
Cys6]enkephalin  (DALCE)34for  delta!  and  naltrindole-5' -isothiocyanate  (5'-NTII)18 
for  delta2  receptor  subtypes.  Several  studies  suggest  that  both  delta j  and  delta2 
opioid  receptors  mediate  antinociception  in  mice.18  35  Both  receptor  subtypes  appear 
to  mediate  antinociception  at  the  supraspinal  level,  whereas  the  delta2  receptor  is 
involved  in  antinociception  at  the  spinal  level.  Finally,  cold-water  swim  stress 
produces  an  opioid  mediated  antinociceptive  response,  which  appears  to  be  antago¬ 
nized  by  5' -NTH,  but  not  by  DALCE.  Thus,  on  the  basis  of  the  recent  data  the 
existence  of  different  subtypes  of  delta  receptors  in  the  central  nervous  system  of 
rodents  is  suggested.  This  heterogeneity  of  delta  receptors  was  further  supported  by 
ligand  binding  assays,19  although  not  yet  supported  by  the  cloning  of  a  single  opioid 
receptor  gene  coding  a  protein  which  binds  a  delta  subtype  selective  ligand. 

Schiller  recently  designed  a  peptide  antagonist  for  the  delta  receptor,  based  on 
conformational  restriction.36  The  tetrapeptide  H-Tyr-Tic-Phe-Phe-OH  (TIPP)  (Fig. 
6)  and  its  tritiated  form  displays  high  delta-receptor  affinity,  unprecedented  delta 
selectivity,  high  potency  as  a  delta  antagonist,  and,  unlike  other  delta  antagonists, 
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shows  no  mu-antagonist  properties  and  is  80  times  more  selective  than  NTI.37  It  was 
shown  earlier  that  antagonists  may  be  obtained  by  the  reduction  of  the  peptide  bond 
(CH2NH)  in  the  case  of  mu  ligands.  This  approach  has  been  applied  also  to  obtain 
delta  antagonists.  A  chemically  and  enzymatically  stable,  more  potent  and  more 
selective  analogue,  Tyr-TicT(CH2NH)Phe-OH  (TIPPf'P])  was  described  very  re¬ 
cently38  and  has  already  been  radiolabeled  (manuscript  submitted). 


KAPPA  RECEPTOR-SPECIFIC  LIGANDS 

Kappa  opioid  receptors  play  a  role  in  various  pharmacological  and  physiological 
functions,  such  as  analgesia,  behavioral  and  autonomic  effects,  regulation  of  neuro¬ 
transmitter  and  hormone  release  and  synthesis,  modulation  of  membrane  ion- 
channels  and  calcium  uptake.39  The  kappa  agonists  are  considered  to  be  advanta¬ 
geous  drugs  in  producing  spinal  analgesia,  for  treating  rheumatic  fever  disease, 
strokes,  in  reducing  chemical,  visceral,  and  thermal  stimuli.  Moreover,  they  do  not 


H-Tyr-Tic-Phe-Phe-OH 


FIGURE  6.  Structure  of  the  delta  opioid  receptor  specific  peptide,  H-Tyr-Tic-Phe-Phe-OH 
(TIPP).  Tic:  Tetrahydro  isoquinoline-3-carboxylic  acid. 


induce  dependence  as  mu-specific  ligands  do,  but  they  may  produce  dysphoria.  In  the 
last  few  years  the  heterogeneity  among  kappa  receptors  became  evident,  although 
their  exact  role  still  has  to  be  elucidated.  Presently,  U-69,593  is  considered  to  be  one 
of  the  best  kappaj  selective  ligands.  It  is  important  to  design,  synthesize,  and  label 
new  ligands  for  other  subtypes  as  well. 


Agonists 

Met-enkephalin-Arg6-Phe7  was  earlier  considered  as  a  kappa2  selective  ligand.40 
Therefore,  [3H]Met-enkephalin-Arg6-Phe7  has  been  synthesized  and  labeled  from  a 
diiodo-Tyr  containing  precursor  peptide  with  dehalotritiation.41  The  results  obtained 
with  this  radioligand  raised  the  possibility  of  further  heterogeneity.  On  the  other 
hand  its  application  is  presently  limited  because  of  its  sensitivity  toward  various 
peptidases.  For  this  reason  the  synthesis  of  more  stable  analogues  is  feasible. 

Previous  pharmacological  experiments  showed  the  analgesic  efficacy  of  the 
2,4-dipyridine  substituted  dimethyl-3, 7-diazabicyclo[3, 3, l]nonan-9-on-l,5-dicarbox- 
ylate42  (Fig.  7.).  It  was  thought  that  the  effect  was  the  result  of  an  interaction  of  this 
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R  =  CH3  1 

R  =  CHj- -<v]  2 


H3COOC R  C00CH3 

X/C  \|  R  =  phenyl  4 
R  N  R  N 


R  =  phenyl  3 


H3C00^y 

R  N  R 


COOCH, 


R  =  2-pyridine  5 


H 


FIGURE  7.  Structure  of  heterocyclic  bicyclo[3,3,l]nonan-9-ones. 


unusual  compound  with  the  kappa  receptor  type.  Very  recently  it  was  found  that  this 
new  class  of  ligands  (heterocyclic  bicyclo[3,3,l]nonan-9-ones)  exhibit  kappa]  agonist 
selectivity.43  The  further  modification  of  these  ligands  will  allow  the  study  of  the 
structure  of  opioid  kappa  receptor  subtypes.  Besides  the  theoretical  importance,  this 
new  group  of  ligands  may  lead  to  the  development  of  potent  analgesic  drugs  with 
reduced  side  effects. 


AFFINITY  LABELING  OF  OPIOID  RECEPTORS 

Structural  studies  of  many  receptor  binding  sites  were  greatly  facilitated  by  the 
use  of  affinity  ligands,  which  are  capable  of  covalent  interactions  with  the  receptors. 
A  number  of  these  compounds  have  been  developed  in  normal  and  tritiated  form  for 
the  identification  of  opioid  receptors.  A  large  percentage  of  their  binding  became 


Dihydrocodeinone  Oxycodone  Dihydromorphinone 


Oxymorphone 


R: 


n-nh2 

N-NH 


nyui utune 

Phenylhydrazone 


-© 

N-NH  -^C^-NO?  Dinitrophenyt - 
N(^  hydrazone 


N-OH 
N-NH-C-NHo 

ii  * 
0 


Oxime 

Semicarbazone 


FIGURE  8.  Structure  of  morphinane-6-ones. 
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irreversible  under  the  proper  conditions  in  rat  and  frog  brain.  The  new  ligands  were 
either  modifications  of  morphine  or  derivatives  of  enkephalins. 


Morphine  Derivatives 

Hydrazone,  phenylhydrazone,  and  dinitrophenylhydrazone,  oxime,  and  semicarba- 
zone  derivatives  of  dihydromorphone  and  oxymorphone  (Fig.  8)  were  prepared.15 
The  N-substituted  hydrazones  and  the  oxime  and  semicarbazone  derivatives  were  all 
capable  of  irreversible  inhibition  of  [3H]naloxone  binding.  The  blockade  concerned 
mainly  the  high-affinity  binding  site.  We  concluded  that  the  C  =  N  double  bond  was 
responsible  for  the  irreversible  binding.  A  tritiated  form  of  oxymorphazone  has  also 
been  prepared  and  characterized  in  binding  assays.44  Among  the  corresponding 
codeinone  derivatives,  selective  blockers  were  found  for  the  low-affinity  site.  This 
observation  has  a  pharmaceutical  significance,  because  this  site  is  thought  to  be 
responsible  for  the  respiratory  depression,  which  is  the  major  side  effect  of  the 


table  5.  Effect  of  C-6  Substituted  Oxycodone  Derivatives  on  Arterial  Blood  Gases 
in  Anesthetized  Rats 


Arterial  Blood 

Gas  Measurements 

Treatment 

PO2 

pC02 

Fentanyl  (10  |xg/kg) 

28.9 

Baseline  values 

m.i 

Change  (%) 

Oxycodone  oxime  (10  (xg/kg) 

-35.5 

+69.5 

Baseline  values 

107.5 

27.1 

Change  {%) 

Oxycodone  oxime  +  fentanyl 

+42.0 

-44.3 

Baseline  values 

108.5 

31.3 

Change  (%) 

+5.2 

-15.5 

morphine  derivatives  45  It  was  suspected  that  different  mu  receptor  subtypes  may 
mediate  antinociceptive,  gastrointestinal,  and  respiratory  actions  induced  by  C-6 
substituted  oxicodone  derivatives.  It  was  found  that  low  doses  of  the  oxycodone 
derivatives  failed  to  inhibit  gastrointestinal  transit  and  resulted  in  a  slight  increase  of 
respiratory  function.  Moreover,  the  respiratory  depression  induced  by  mu  agonists 
(e.g.  morphine,  fentanyl)  was  prevented  in  conscious  rabbit  and  narcotized  rat 
(Table  5). 

Enkephalin  Derivatives 

A  number  of  enkephalin  analogues  were  elongated  with  a  chloromethyl  ketone 
group  at  the  C-terminus,  which  led  to  a  shift  in  their  specificity  from  the  delta 
towards  the  mu  site.  They  were  all  able  to  irreversibly  block  the  high-affinity 
naloxone  binding  site.  A  tritiated  form  of  D-Ala2-Leu5  enkephalin  chloromethyl 
ketone  (D ALECK)  was  used  first  for  the  identification  of  opioid  binding  sites  in  rat 
and  frog  brain.46-47  Later,  a  highly  mu-selective  compound  was  prepared  from 
Tyr-D-Ala2-Gly-(Me)Phe-Gly-ol  (DAMGO).  The  new  chloromethyl-ketone  deriva- 


BORSODI  &  TOTH:  OPIOID  RECEPTORS  AND  NEW  LIGANDS 


349 


tive  and  its  radiolabeled  form  were  synthesized  by  a  fragment  condensation  method 
(spec,  radioactivity  56  Ci/mmol).48  More  recently,  hydrodynamic  parameters  of  mu 
opioid  receptors  were  measured  on  [3H]DAMCK-prelabeled  preparations  of  rat 
brain  under  nondenaturing  conditions.  The  apparent  Mr  on  SDS-PAGE  followed  by 
fluorography  was  found  to  be  58  kDa,49  confirming  previous  data  reported  in  the 
literature.50  This  size  of  the  mu  receptor  was  shown  in  various  species  including  rat, 
guinea  pig,  rabbit,  and  chicken  (unpublished  results).  The  molecular  mass  of  the 
cloned  receptors  is  much  less  because  of  the  lack  of  the  polysaccharide  chains.  (All  of 
the  major  opioid  receptor  types  are  glycoproteins.) 

FUTURE  DIRECTIONS 

The  recently  described  cloning  of  the  major  opioid  receptor  types  will  facilitate 
the  development  of  new  compounds  (agonists  and  antagonists)  for  use  in  further 
detailed  structural  analysis  of  the  receptors  and  for  new  clinically  useful  opioids.  The 
use  of  antagonists  will  be  inevitable  in  the  transfected  cells  (containing  different 
second  messenger  systems);  besides,  it  is  likely  that  there  are  distinct  binding  sites  for 
agonists  and  antagonists. 

The  novel  ligands  will  be  tested  by  chemical,  biochemical,  and  pharmacological 
assays  for  a  better  understanding  of  the  interactions  between  the  ligands  and 
receptor  types/subtypes.  The  determination  of  the  subtype  selectivity  of  the  new 
compounds  is  expected,  for  example,  in  the  case  of  delta  receptors.  As  stated  earlier 
in  this  review,  there  is  evidence  for  the  existence  of  two  receptor  subtypes,  deltai  and 
delta2.  Neither  NTI  nor  TIPP  seems  to  discriminate  between  these  two  receptor 
subtypes.  Although  structural  modification  of  naltrindole  has  resulted  in  antagonists 
with  some  preference  for  both  delta!  and  delta2  receptors,  pure  antagonist  com¬ 
pounds  with  further  improved  selectivity  for  either  deltai  and  delta2  receptors  have 
to  be  developed.  Such  compounds  are  absolutely  necessary  for  the  definition  of  the 
distinct  functional  roles  of  these  two  receptor  subtypes.  In  particular,  the  availability 
of  such  receptor  subtype-specific  antagonists  would  also  allow  us  to  examine  the 
important  question  of  whether  the  effect  on  morphine  tolerance  and  dependence 
observed  with  naltrindole  is  mediated  by  the  deltai  or  the  delta2  receptor  or  by  both. 
On  the  basis  of  results  obtained  from  in  vitro  binding  assays,  isolated  tissue  prepara¬ 
tions  and  pharmacological  tests,  more  candidates  will  be  selected  for  radiolabeling. 

Different  chemical  approaches  can  be  applied  to  avoid  enzymatic  degradation  of 
the  peptides  and  to  achieve  improved  bioavailability.  Some  of  the  peptides  are 
modified  for  obtaining  pseudopeptides  with  restricted  conformations  and  enhanced 
resistance  to  peptidases.  Based  on  NMR  and  theoretical  conformational  studies,  we 
expected  to  obtain  new  information  for  defining  the  pharmacophore,  corresponding 
to  the  receptor  types  (subtypes).  Some  of  the  modifications  will  lead  to  radiolabeled 
compounds,  allowing  the  use  of  autoradiographic  and  electronmicroscopic  tech¬ 
niques  also  for  studying  the  receptors.  For  obtaining  ligands  with  better  selectivity 
and  antagonist  property,  a  further  reduction  in  conformational  freedom  is  required. 
It  is  expected  that  conformational  restriction  of  peptides  in  some  cases  might  also 
reduce  or  even  totally  abolish  their  intrinsic  activity  (“efficacy”)  and,  thus,  may 
produce  partial  agonists  or  antagonists. 

Besides  the  functional  assays,  the  application  of  molecular  biological  techniques 
(including  site-directed  mutagenesis  and  hybridization  experiments)  will  be  required 
for  the  complete  understanding  of  the  effects  of  the  novel  ligands  in  the  opioid 
system.  Studies  of  the  regulation  of  opioid  gene  expression  by  the  specially  synthe¬ 
sized  analogues  will  certainly  be  performed.  It  is  also  expected  that  regulation  of 
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opioid  receptor  mRNAs  will  be  estimated  by  in  situ  hybridization  histochemistry.  All 
these  approaches  are  necessary  in  order  to  fulfill  the  ultimate  goal  of  developing  new 
therapeutic  agents  with  fewer  undesired  side  effects. 


REFERENCES 

1.  Pert,  C.  B.  &  S.  H.  Snyder.  1973.  Opiate  receptor:  Demonstration  in  nervous  tissue. 

Science  179:  1011-1014. 

2.  Simon,  E.  J.,  J.  M.  Hiller  &  I.  Edelman.  1973.  Stereospecific  binding  of  the  potent 

narcotic  analgesic  [3H]etorphine  to  rat  brain  homogenates.  Proc.  Natl.  Acad.  Sci.  USA 
70: 1947-1949. 

3.  Terenius,  L.  1973.  Stereospecific  interaction  between  narcotic  analgesics  and  a  synaptic 

plasma  membrane  fraction  of  the  guinea-pig  ileum.  Acta  Pharmacol.  Toxicol.  32: 317— 
320. 

4.  Goldstein,  A.,  L.  I.  Lowney  &  B.  K.  Pal.  1971.  Stereospecific  and  nonspecific  interac¬ 

tions  of  the  morphine  congener  levorphanol  in  subcellular  fractions  of  mouse  brain. 
Proc.  Natl.  Acad.  Sci.  USA  68: 1742-1747. 

5.  Hughes,  J.,  T.  W.  Smith,  H.  W.  Kosterlitz,  L.  A.  Fothergill,  B.  A.  Morgan  &  H.  R. 

Morris.  1975.  Identification  of  two  related  pentapeptides  from  the  brain  with  potent 
opiate  agonist  activity.  Nature  285:  577-579. 

6.  Schwyzer,  R.  1977.  ACTH:  A  short  introductory  review.  Ann.  N.Y.  Acad.  Sci.  247:  3-26. 

7.  Kieffer,  B.  L.,  K.  Befort,  C.  Gaveriaux-Ruff  &  C.  G.  Hirth.  1992.  The  delta-opioid 

receptor:  Isolation  of  a  cDNA  by  expression  cloning  and  pharmacological  characteriza¬ 
tion.  Proc.  Natl.  Acad.  Sci.  USA  89: 12048-12052. 

8.  Evans,  C.  J.,  D.  E.  Keith,  Jr.,  H.  Morrison,  K.  Magendzo  &  R.  H.  Edwards.  1993. 

Cloning  of  a  delta  opioid  receptor  by  functional  expression.  Science  258:  1952-1955. 

9.  Fukuda,  K.,  S.  Kato,  K.  Mori,  M.  Nishi  &  H.  Takeshima.  1993.  Primary  structures  and 

expression  from  cDNAs  of  rat  opioid  receptor  delta-  and  mu-subtypes.  FEBS  Lett. 
327:  311-314. 

10  Reisine,  T.  &  G.  I.  Bell.  1993.  Molecular  biology  of  opioid  receptors.  TINS  16: 506. 

11.  Raynor,  K.,  H.  Kong,  Y.  Chen,  K.  Yasuda,  L.  Yu,  G.  I.  Bell  &  T.  Reisine.  1994. 

Pharmacological  characterization  of  the  cloned  kappa,  delta  and  mu  opioid  receptors. 
Mol.  Pharmacol.  45:  330-334. 

12.  Uhl,  G.  R.,  S.  Childers  &  G.  Pasternak.  1994.  An  opiate-receptor  gene  family  reunion. 

TINS  17(3):  89-93. 

13.  Furst,  Zs.,  B.  Buzas,  T.  Friedmann,  H.  Schmidhammer  &  A.  Borsodi.  1993.  Highly 

potent  novel  opioid  receptor  agonist  in  the  14-alkoxymetopon  series.  Eur.  J.  Pharmacol. 
236:  209-215. 

14.  Scmidhammer,  H.,  L.  Aeppli,  L.  Atwell,  F.  Fritsch,  A.  E.  Jacobson,  M.  Nebuchla  & 

G.  Sperk.  1984.  Synthesis  and  biological  evaluation  of  14-alkoxymorphinans.  1.  Highly 
potent  opioid  agonist  in  the  series  of  (-)-14-methoxy-A'-methyl-morphinan-6-ones.  J. 
Med.  Chem.  27:  1575-1579. 

15.  Krizsan,  D.,  E.  Varga,  S.  Hosztafi,  S.  Benyhe,  M.  Szucs  &  A.  Borsodi.  1991. 

Irreversible  blockade  of  the  high  and  low  affinity  [3H]naloxone  binding  sites  by  C-6 
derivatives  of  morphinane-6-ones.  Life  Sci.  48:  439-451. 

16.  Schmidhammer,  H.,  W.  P.  Burkard,  L.  Eggstein-Aeppli  &  C.  F.  C.  Smith.  1989. 

Synthesis  and  biological  evaluation  of  14-alkoxymorphinans.  2.  (-)-N-cyclorpopylmethl- 
4,14-dimethoxymorphinan-6-one,  a  selective  p-opioid  receptor  antagonist.  J.  Med. 
Chem.  32: 418-421. 

17.  Otvos,  F.,  G.  Toth  &  H.  Schmidhammer.  1992.  Tritium  labeling  of  cyprodime  (=  (-)-17- 

(cyclopropylmethyl)-4,14-dimethoxymorpinane-6-one),  a  mu  receptor-selective  opioid 
antagonist.  Helv.  Chim.  Acta  75:  1718-1720. 

18.  Jiang,  Q.,  A.  E.  Takemori,  M.  Sultana,  P.  S.  Portoghese,  W.  D.  Bowen,  H.  I. 

Mosberg  &  F.  Porreca.  1991.  Differential  antagonism  of  opioid  antinociception  by 
[D-Ala2,Leu5,Cys6]enkephalin  and  naltrindole  5 '-isothiocyanate:  Evidence  for  delta 
subtypes.  J.  Pharmacol.  Exp.  Ther.  257:  1069-1075. 


BORSODI  &  TOTH:  OPIOID  RECEPTORS  AND  NEW  LIGANDS 


351 


19.  Negri,  L.,  R.  L.  Potenza,  R.  Corsi  &  P.  Melchiorri.  1991.  Evidence  for  two  subtypes  of 

delta  opioid  receptor  in  rat  brain.  Eur.  J.  Pharmacol.  196:  335-336. 

20.  Mosberg,  H.  I.,  R.  Hurst,  V.  J.  Hruby,  K.  Gee,  H.  I.  Yamamura,  J.  J.  Galligan  &  T.  F. 

Burks.  1983.  Bis-penicillamine  enkephalins  possess  highly  improved  specificity  towards 
delta  opioid  receptors.  Proc.  Natl.  Acad.  Sci.  USA  80:  5871. 

21.  Kreil,  G.  D.  Barra,  M.  Simmaco,  V.  Erspamer,  G.  Falconeri-Erspamer,  L.  Negri,  C. 

Severini,  R.  Corsi  &  P.  Melchiorri.  1989.  Deltophin,  a  novel  amphibian  skin  peptide 
with  high  selectivity  and  affinity  for  delta  opioid  receptors.  Eur.  J.  Pharmacol.  162: 123- 
128. 

22.  Gacel,  G.  A.,  E.  Fellion,  A.  Baamonde,  V.  Dauge  &  P.  B.  Roques.  1990.  Synthesis, 

biochemical  and  pharmacological  properties  of  BUBUC,  a  highly  selective  and  system¬ 
atically  active  agonist  for  in  vivo  studies  of  delta  opioid  receptors.  Peptides  11:  983. 

23.  Delay-Goyet,  P.,  M.  Ruizgayo,  A.  Baamonde,  G.  A.  Gacel,  J.  L.  Morgat  &  P.  B. 

Roques.  1991.  Brain  passage  of  BUBU,  a  highly  selective  and  potent  agonist  for  delta 
opioid  receptors.  In  vivo  binding  and  mu  receptors  versus  delta  receptors  occupancy. 
Pharmacol  Biochem.  Behav.  38:  155. 

24.  Montecucchi,  P.  C.,  R.  Castiglione,  S.  Piani,  L.  Gozzini  &  V.  Erspamer.  1981. 

Aminoacid  composition  and  sequence  of  dermorphin,  a  novel  opiate-like  peptide  from 
the  skin  of  Phylomedusa  sauvagel  Int.  J.  Pept.  Protein  Res.  17:  275-283. 

25.  Melchiori,  P.,  L.  Negri,  G.  Falconeri-Erspamer,  C.  Severini,  R.  Corsi,  M.  Soaje,  V. 

Erspamer  &  D.  Barra.  1991.  Structure-activity  relationships  of  the  delta-opioid- 
selective  agonists,  deltorphins.  Eur.  J.  Pharmacol.  195:  201-207. 

26.  Salvadori,  S.,  M.  Marastoni,  G.  Balboni,  P.  A.  Borea,  M.  Morari  &  R.  Tomatis. 

1991.  Synthesis  and  structure-activity  relationships  of  deltorphin  analogues.  J.  Med. 
Chem.  34: 1656-1661. 

27.  Buzas,  B.,  G.  Toth,  S.  Cavagnero,  V.  J.  Hruby  &  A.  Borsodi.  1992.  Synthesis  and 

binding  characteristics  of  the  highly  delta-specific  new  tritiated  opioid  peptide,  [3H]del- 
torphin  II.  Life  Sci.  50:  PL75-PL78. 

28.  Sasaki,  Y.,  A.  Ambo  &  K.  Suzuki.  1991.  [D-Ala2]Deltorphin  analogues  with  high  affinity 

and  selectivity  for  delta-opioid  receptors.  Biochem.  Biophys.  Res.  Commun.  180:  822- 
827. 

29.  Nevin,  S.  T.,  L.  Kabasakal,  F.  Otvos,  G.  Toth  &  A.  Borsodi.  1993.  Characterisation  of 

the  novel  delta  opioid  agonist  Ile5  6deltorphin  II.  Neuropeptides  26:  261-265. 

30.  Portoghese,  P.  S.,  M.  Sultana,  H.  Nagase  &  A.  E.  Takemori.  1988.  Application  of  the 

message-address  concept  in  the  design  of  highly  potent  and  selective  non-peptide  delta 
opioid  receptor  antagonists.  J.  Med.  Chem.  31(2):  281-282. 

31.  Yamamura,  M.  S.,  R.  Horvath,  G.  Toth,  F.  Otvos,  E.  Malatynska,  R.  J.  Knapp,  F. 

Porreca,  V.  J.  Hruby  &  H.  I.  Yamamura.  1992.  Characterization  of  [3H]naltrindole 
binding  to  delta  opioid  receptors  in  rat  brain.  Life  Sci.  50:  PL119-PL124. 

32.  Borsodi,  A.,  G.  Ozdemirler,  S.  T.  Nevin,  L.  Kabasakal,  F.  Otvos  &  G.  Toth.  1993. 

Binding  characteristics  of  the  delta  antagonist  [l,5'-3H]naltrindole  in  rat  brain  mem¬ 
branes.  Br.  J.  Pharmacol.  109:  17. 

33.  Dorn,  C.  R.,  C.  S.  Markos,  M.  S.  Dappen  &  B.  S.  Pitzele.  1992.  Synthesis  of 

[3H]naltrindoie.  J.  Label.  Comp.  Radiopharm.  31(5):  375-380. 

34.  Bowen,  W.  H.,  S.  B.  Hellwell,  M.  Kelemen,  R.  Huey  &  D.  Stewart.  1987.  Affinity 

labeling  of  delta  opiate  receptors  using  [D-Ala2,Leu5,Cys6]enkephalin.  J.  Biol  Chem. 
262:  13434. 

35.  Mattia,  A.,  S.  C.  Farmer,  A.  E.  Takemori,  M.  Sultana,  P.  S.  Portoghese,  H.  I. 

Mosberg,  W.  D.  Bowen  &  F.  Porreca.  1992.  Spinal  opioid  delta  antinociception  in 
the  mouse.  Mediation  by  5'  NTII-sensitive  delta  receptor  subtype.  J.  Pharmacol.  Exp. 
Ther.  260:  518-525. 

36.  Schiller,  P.  W.,  T.  M.-D.  Nguyen,  G.  Weltrowska,  B.  C.  Wilkes,  B.  J.  Marsden,  C. 

Lemieux  &  N.  N.  Chung.  1992.  Differential  stereochemical  requirements  of  mu  versus 
delta  receptors  for  ligand  binding  and  signal  transduction:  Development  of  a  new  class 
of  potent  and  highly  selective  delta-selective  peptide  antagonists.  Proc.  Natl.  Acad.  Sci. 
USA  89: 11871-11875. 

37.  Nevin,  S.  T.,  G.  Toth,  T.  M.-D.  Nguyen,  P.  W.  Schiller  &  A.  Borsodi.  1993.  Synthesis 


352 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


and  binding  characteristics  of  the  highly  specific,  tritiated  delta  opioid  antagonist 
[3H]TIPP.  Life  Sci.  53:  PL57-62. 

38.  Schiller,  P.  W.,  G.  Weltrowska,  T.  M.-D.  Nguyen,  B.  C.  Wilkes,  N.  N.  Cheng  &  C. 

Lemieux.  1993.  TIPP[Y]:  A  highly  potent  and  stable  pseudopeptide  delta  opioid 
receptor  antagonist  with  extraordinary  delta  selectivity.  J.  Med.  Chem.  36:  3182-3187. 

39.  Wollemann,  M.,  S.  Benyhe  &  J.  Simon.  1993.  The  kappa-opioid  receptor:  Evidence  for 

the  different  subtypes.  Life  Sci.  52:  599-611. 

40.  Benyhe,  S.,  E.  Varga,  J.  Hepp,  A.  Magyar,  A.  Borsodi  &  M.  Wollemann.  1990. 

Characterization  of  kappa!  and  kappa2  opioid  binding  sites  in  frog  (Rana  esculenta) 
brain  membrane  preparation.  Neurochem.  Res.  15:  899-904. 

41.  Wollemann,  M.,  J.  Farkas,  G.  Toth  &  S.  Benyhe.  1994.  Characterization  of  [3H]Met- 

enkephalin-Arg6-Phe7  binding  to  opioid  receptors  in  frog  brain  membrane  prepara¬ 
tions.  J.  Neurochem.  63:  1460-1465. 

42.  Erciyas,  E.  &  U.  Holzgrabe.  1992.  Synthese  und  stereochemie  potentiell  stark  analgeti- 

scher  2,4-m-diarylsubstituierter  3, 7-diazabicyclo[3, 3, l]nonan-9-on-l, 5-diester.  Arch. 
Pharm.  (Weinheim)  325:  657-663. 

43.  Benyhe,  S.,  A.  Borsodi,  U.  Holzgrabe  &  C.  Nachtsheim.  1994.  A  novel  class  of  kappa 

opioid  receptor  agonists  with  a  heterocyclic  bicyclo  [3,3,l]nonan-9-one  skeleton.  Regul. 
Pept.  54(1):  27-28. 

44.  Varga,  E.,  G.  Toth,  S.  Benyhe,  S.  Hosztafi  &  A.  Borsodi.  1987.  Synthesis  and  binding 

of  [3H]oxymorphazone  to  rat  brain  membrane.  Life  Sci.  40: 1579-1588. 

45.  Furst,  Zs.,  T.  Friedmann,  S.  Hosztafi  &  A.  Borsodi.  1994.  Different  mu  opioid 

receptor  subtypes  may  mediate  C-6  substituted  oxycodone  derivatives  induced  antinoci¬ 
ceptive,  gastrointestinal  and  respiratory  actions.  Regul.  Pept.  Suppl.  1:  S105-S106. 

46.  Szucs,  M.,  M.  Belcheva,  J.  Simon,  S.  Benyhe,  G.  Toth,  J.  Hepp,  M.  Wollemann  &  K. 

Medzihradszky.  1987.  Covalent  labeling  of  opioid  receptors  with  [3H]-D-Ala2-Leu5- 
enkephalin  chlorometyl  ketone:  I.  Binding  characteristics  in  rat  brain  membranes.  Life 
Sci.  41:  177-184. 

47.  Simon,  J.,  M.  Szucs,  S.  Benyhe,  G.  Toth,  J.  Hepp,  A.  Borsodi,  M.  Wollemann  &  K. 

Medzihradszky.  1987.  Covalent  labelling  of  opioid  receptors  with  3H-D-Ala2-Leu5- 
enkephalin  chloromethyl  ketone.  II.  Binding  characteristics  in  frog  brain  membranes. 
Life  Sci.  41: 185-192. 

48.  Varga,  E.,  G.  Toth,  J.  Hepp,  S.  Benyhe,  J.  Simon,  K.  Medzihradszky  &  A.  Borsodi. 

1988.  Synthesis  of  [3H]-Tyr-D-Ala-Gly-N(Me)Phe-chloromethyl  ketone.  Neuropeptides 
12:135-139. 

49.  Oktem,  H.  A.,  J.  Moitra,  S.  Benyhe,  G.  Toth,  A.  Lajtha  &  A.  Borsodi.  1991.  Opioid 

receptor  labeling  with  the  chloromethyl  ketone  derivative  of  [3H]-Tyr-D-Ala-Gly- 
(Me)Phe-Gly-ol  (DAGO)  II.  Covalent  labeling  of  mu  opioid  binding  site  by  [3H]-Tyr-D- 
Ala-Gly-(Me)Phe  chloromethyl  ketone.  Life  Sci.  48:  1763-1768. 

50.  Newman,  E.  L.,  A.  Borsodi,  G.  Toth,  J.  Hepp  &  E.  A.  Barnard.  1986.  Mu-receptor 

specificity  of  the  opioid  peptide  irreversible  reagent  [3H]  DALECK.  Neuropeptides 
8:  305-315. 


Opiate  Receptor  Changes  after  Chronic 
Exposure  to  Agonists  and  Antagonists 

JAMES  E.  ZADINA,  ABBA  J.  KASTIN, 

LAURA  M.  HARRISON,  LIN-JUN  GE, 

AND  SULIE  L.  CHANG0 
VA  Medical  Center  and 

Department  of  Medicine  and  Neuroscience  Training  Program 
Tulane  University  School  of  Medicine 
New  Orleans,  Louisiana  70146 

a Department  of  Biology 
Seton  Hall  University 
South  Orange,  New  Jersey  07079 


The  responsiveness  of  neurotransmitter  receptor  systems  is  altered  by  exposure  of 
the  receptors  to  their  agonist  and  antagonist  ligands.  For  agonists,  the  physiological 
response  declines  over  time  despite  the  presence  of  a  constant  stimulus.  Chronic 
exposure  to  antagonists,  by  contrast,  can  lead  to  an  increase  in  the  number  of 
receptors,  often  accompanied  by  increased  responsiveness  to  agonists. 

Three  major  processes,  characterized  in  greatest  detail  in  the  0-adrenergic 
system1  but  typical  of  many  transmitter  systems,  have  been  postulated  to  contribute 
to  the  loss  of  responsiveness  to  agonists.  These  include  (1)  loss  of  coupling  to 
G-proteins,  (2)  sequestration  of  receptors,  and  (3)  down-regulation.  Each  of  these 
mechanisms  may  contribute  to  different  aspects  of  the  loss  of  responsiveness, 
particularly  with  regard  to  the  time  course  of  the  change.  Thus,  uncoupling  occurs  in 
seconds  to  minutes,  sequestration  in  minutes,  and  down-regulation  in  minutes  to 
hours.  Phosphorylation  events  appear  critical  for  some  and  may  be  involved  in  all  of 
these  processes. 

For  opiates  and  their  receptors,  the  role  of  these  processes  in  the  changing 
responsiveness  observed  after  exposure  to  opiates  has  remained  elusive.  As  dis¬ 
cussed  in  the  concluding  section,  in  vivo  studies  on  changes  in  receptors  in  adult 
animals  have  yielded  numerous,  often  conflicting  results,  including  down-regulation, 
up-regulation,  and  no  change.  Studies  in  developing  animals  indicate  that  the 
perinatal  period  is  a  time  when  the  animal  is  particularly  sensitive  to  regulation  of 
receptors  by  agonists.  In  vitro  cell  lines,  however,  have  been  particularly  useful  for 
studying  changes  in  receptors  and  responsiveness  after  exposure  to  agonists.  Homo¬ 
geneity  of  cell  type  and  receptor  content  as  well  as  control  of  the  kinetics  of  drug 
exposure  are  among  the  advantages  of  these  preparations. 

This  report  focuses  primarily  on  recent  findings  in  opiate-receptor-containing 
neuronal  cell  lines  as  models  of  cellular  responses  to  chronic  exposure  to  opiates  and 
their  antagonists.  The  conclusion  will  discuss  implications  of  these  cellular  models 
for  studies  in  vivo. 
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REGULATION  OF  MU  RECEPTORS  IN  VITRO  BY  MORPHINE 

Many  aspects  of  opiate  receptor  regulation  were  characterized  with  cell  lines 
containing  delta  receptors  such  as  N4TG12  and  NG108-153  cells.  However,  morphine 
and  other  compounds  with  clinical  usefulness,  as  well  as  abuse  potential,  act 
primarily  at  the  mu  receptor,  which  is  not  present  on  these  cells.  Characterization  of 
the  mu  receptor  and  its  response  to  prolonged  exposure  to  agonists  in  vitro  is 
therefore  of  considerable  importance.  One  of  the  first  cell  lines  used  in  studying  mu 
receptors  was  derived  from  pituitary  cells.  In  these  7315c  cells,  Puttfarcken  et  a/.4  3 
demonstrated  that,  as  with  delta  sites  in  the  NG108-15  cells,3  two  components  of  the 
response  to  morphine  could  be  characterized:  an  early  desensitization,  or  decline  in 
the  inhibitory  effect  of  an  acute  exposure  to  morphine  on  cyclic  AMP  accumulation, 
followed  at  later  times  and  higher  doses  by  down-regulation  of  the  mu  receptors. 

The  first  neuronal  cell  line  in  which  mu  receptor  down-regulation  by  morphine 
was  demonstrated6’7  was  the  SH-SY5Y  cell  line,  a  subclone  of  SK-N-SH  cells.  When 
SH-SY5Y  cells  were  exposed  to  morphine  and  the  mu  receptors  were  measured  with 
the  mu-selective  ligand  [3H]-DAMGO  (Tyr-D-Ala-Gly-N-Me-Phe-Gly-ol),  the  maxi¬ 
mum  number  of  receptors  (Bmax)  decreased  over  time.  At  about  3  h,  the  decrease  was 
half-maximal.  Maximal  down-regulation  occurred  at  about  24  h  with  little  further 
change  up  to  72  h.  The  effect  was  reversible  by  naloxone  and  was  dose-dependent, 
with  half-maximal  decreases  occurring  at  a  concentration  of  about  0.5  jjlM  morphine. 
This  dose  corresponds  well  to  the  reported  apparent  affinity  of  morphine  for  the  mu 
receptor  in  these  culture  conditions,8  which  is  expected  to  be  lower  than  that 
observed  with  isolated  membranes.  This  difference  is  due  to  several  factors  including 
the  reduction  of  agonist  affinity  by  salts  in  the  media  and  loss  of  agonist  due  to 
internalization. 

The  morphine-induced  decrease  in  mu  binding  was  also  shown  to  be  temperature- 
dependent,  consistent  with  down-regulation  processes  in  other  systems.  Muscarinic 
receptors  present  on  SH-SY5Y  cells  were  not  affected  by  morphine,  indicating  that 
the  down-regulation  was  homologous  for  opiate  receptors. 

Earlier  studies  with  NG 108-15  cells3  had  shown  that  efficacy  of  agonists  corre¬ 
lated  with  the  capacity  to  induce  down-regulation  of  delta  receptors  and  that  partial 
agonists  were  ineffective  at  producing  down-regulation.  This  idea  was  supported  for 
mu  receptors  in  SH-SY5Y  cells  because  pentazocine,  a  partial  agonist  in  SH-SY5Y 
cells,9  failed  to  down-regulate  the  mu  receptor.7  Recent  studies  involving  site- 
directed  mutagenesis  of  adrenergic  receptors1  indicate  that  physical  and  functional 
receptor/G-protein  coupling  may  not  be  identical,  and  that  physical  coupling  may  be 
more  important  for  down-regulation.  In  general,  however,  efficacy  should  correlate 
with  coupling,  and  thus  with  the  capacity  for  down-regulation. 


REGULATION  BY  MORPHINE  OF  MU  AND  DELTA  RECEPTORS 

IN  THE  SAME  CELLS 

Although  the  SH-SY5Y  cell  line  was  initially  used  as  a  neuronal  model  for 
studying  mu  receptor  responses  to  morphine,  the  cells  also  express  delta  receptors. 
The  ratio  of  mu  to  delta  receptors  has  been  estimated  to  be  from  2:110  to  5:1. 1142 
Under  our  culture  conditions,  the  ratio  of  mu  to  delta  sites  is  about  1.4  to  l.13 
Morphine  binds  preferentially  to  mu  receptors,  but  it  can  also  bind  with  lower  affinity 
to  delta  receptors.  We  therefore  tested  whether  morphine  affected  the  delta  sites 
that  are  coexpressed  with  mu  sites  in  SH-SY5Y  cells.  The  delta  sites  were  also 
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down-regulated  by  morphine.  This  would  not  be  expected  from  studies  in  NG108-15 
cells,  because  morphine  did  not  affect  receptors  in  those  cells,  which  contain  only 
delta  sites.3  Furthermore,  morphine  down-regulated  delta  receptors  to  a  greater 
extent  than  mu  receptors  in  the  SH-SY5Y  cells.  Thus,  the  regulation  of  delta  sites 
was  qualitatively  different  in  NG108-15  and  SH-SY5Y  cells.  One  possibility  is  that 
morphine  could  be  down-regulating  delta  sites  by  acting  at  the  mu  sites  present  in 
SH-SY5Y  cells  but  not  NG108-15  cells.  Baumhaker  et  al.u  suggested  such  a 
mechanism  for  the  parent  cell  line,  SK-N-SH,  based  on  studies  with  the  mu  receptor 
alkylating  agent  p-funaltrexamine. 

To  test  whether  mu  and  delta  sites  could  be  separately  regulated  by  morphine,  we 
combined  treatment  with  morphine  and  the  mu  antagonist  CTAP  (D-Phe-Cys-Tyr-D- 
Trp-Arg-Thr-Pen-Thr-NH2 )  or  the  delta  antagonist  ICI 174864  (N,N-diallyl-Tyr-Aib- 
Aib-Phe-Leu-OH).  CTAP  reversed  the  effects  of  morphine  on  the  mu  (but  not  the 
delta)  receptor  and  ICI  174864  reversed  the  down-regulation  of  the  delta  (but  not 
the  mu)  receptor.  The  pharmacology  of  both  antagonists,  however,  proved  complex. 
CTAP  alone  at  high  doses  down-regulated  the  delta  receptor.  This  action  was  found 
to  result  from  delta  agonist  activity  because  ICI  174864  could  reverse  the  CTAP- 
induced  down-regulation.  CTAP  could,  therefore,  have  blocked  morphine-induced 
mu  receptor-mediated  down-regulation  of  delta  sites,  and  simultaneously  caused 
down-regulation  by  its  activity  as  a  delta  agonist.  A  dose  (300  nM)  was  found, 
however,  that  completely  antagonized  morphine-induced  down-regulation  of  mu 
receptors  without  down-regulating  delta  receptors  by  itself  or  blocking  the  morphine- 
induced  down-regulation  of  delta  receptors.  Taken  together  with  the  reversal  of 
morphine-induced  down-regulation  by  the  delta  antagonist  ICI  174864,  these  results 
indicate  that  activation  of  the  mu  receptor  is  not  required,  but  activation  of  delta 
sites  is  required,  for  morphine  to  down-regulate  the  delta  receptor  in  SH-SY5Y  cells. 
These  qualitative  differences  between  NG108-15  and  SH-SY5Y  cells  in  the  regula¬ 
tion  of  delta  receptors  may  help  elucidate  critical  mechanisms  in  their  regulatory 
processes. 


REGULATION  OF  MU  AND  DELTA  SITES  IN  VITRO  BY  ANTAGONISTS 

Shortly  after  establishment  of  opiate  binding  assays,  it  was  shown  that  chronic 
administration  of  opiate  antagonists  up-regulated  opiate  receptors,15  and  the  phenom¬ 
enon  has  been  well-characterized  since  then.16_I9/n  vitro  models  of  this  process  have 
not  been  as  consistent:  Barg  etal. 20  found  increased  [3H]-DADL  binding  in  NG108-15 
cells  but  Law  et  al.3  found  no  effect  on  [3H]-diprenorphine  binding. 

We  found713  that  24-h  exposure  to  naloxone  increased  both  mu  and  delta 
receptors  by  about  40%  in  SH-SY5Y  cells,  indicating  that  these  cells  provide  a  good 
model  for  antagonist  effects  on  neuronal  opiate  receptors.  Antagonists  selective  for 
receptor  subtypes  were  also  able  to  up-regulate  their  respective  receptors,  but  the 
effects  were  not  as  robust  as  with  naloxone.  CTAP  increased  mu  receptors  by 
20-30%.  As  described  above,  however,  it  also  down-regulated  delta  sites  at  high 
doses  as  a  result  of  its  delta  agonist  activity. 

The  up-regulation  by  CTAP  was  observed  even  in  the  presence  of  high  concentra¬ 
tions  of  morphine.  This  is  consistent  with  studies  of  Yoburn  et  al. 18  showing  that 
up-regulation  is  resistant  to  blockade  by  agonists  and  that  less  than  full  occupancy  of 
the  receptors  is  required  for  up-regulation. 

Indirect  mechanisms  are  generally  thought  to  be  involved  in  antagonist-induced 
up-regulation.  Thus,  a  basal  “tone”  of  agonist  activity  is  thought  to  induce  partial 
down-regulation  that  is  “unmasked”  in  the  presence  of  antagonist.  In  culture,  the 
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source  of  this  agonist  activity  could  be  the  cells  themselves  or  the  media.  SH-SY5Y 
cells  are  known  to  express  both  proenkephalin21  and  POMC.22  In  addition,  we  found 
that  fetal  calf  serum  contains  material  that  can  displace  [3H]-diprenorphine  bind¬ 
ing.13  Several  potential  sources  for  “basal  agonist  activity”  are  therefore  present  in 
the  cell  culture  and  could  be  part  of  the  mechanism  of  up-regulation  by  antagonists. 
Studies  with  the  delta  antagonist  ICI  174,864,  however,  raised  the  additional 
possibility  of  a  direct  mechanism  of  antagonist-induced  up-regulation. 

ICI  174,864  up-regulated  delta  receptors  in  the  SH-SY5Y  cells,  but  unexpectedly 
it  also  up-regulated  mu  receptors.13  It  is  not  known  to  have  mu  antagonist  proper¬ 
ties,23  but  has  been  shown  to  exhibit  “negative  intrinsic  activity”  at  the  high-affinity 
GTPase  associated  with  delta  receptors  in  NG108-15  cells.24  One  of  the  earliest 
events  in  the  signaling  cascade  for  agonists  acting  at  G-protein-coupled  receptors  is 
stimulation  of  GTPase.  In  NG108-15  cells,  there  is  a  low  basal  activation  of  GTPase 
even  in  the  absence  of  agonist  ligands,  and  ICI  174,864  can  inhibit  this  activity.  This 
inhibition,  or  “negative  intrinsic  activity,”  could  be  involved  in  a  direct  mechanism  by 
which  the  antagonist  up-regulates  receptors.  If  this  pathway  is  shared  by  mu  and 
delta  receptors,  it  could  contribute  to  the  combined  up-regulation  by  ICI  174,864  of 
mu  and  delta  sites  in  SH-SY5Y  cells. 


REGULATION  OF  RECEPTORS  BY  SELECTIVE  AGONISTS 

The  use  of  agonists  selective  for  mu  or  delta  receptors  permitted  selective 
down-regulation  of  each  of  the  sites.13  PL017,  an  analogue  of  both  p-casomorphin 
and  morphiceptin  that  is  one  of  the  most  selective  mu  agonists  available,  down- 
regulated  mu  sites  in  SH-SY5Y  cells  with  an  IC50  of  180  nM,  but  did  not  alter  delta 
sites  at  concentrations  up  to  10,000  nM.  The  mu  selective  enkephalin  analogue 
DAMGO  also  selectively  down-regulated  the  receptors.  Conversely,  the  highly 
selective  delta  agonist  DPDPE  down-regulated  delta,  but  not  mu  receptors.  DPDPE 
was  effective  at  very  low  (sub-nanomolar)  doses,  indicating  either  high  efficacy  for 
the  compound  or  relatively  high  sensitivity  of  the  SH-SY5Y  cells  to  delta  receptor 
down-regulation. 


REGULATION  OF  RECEPTORS  BY  DIFFERENTIATING  AGENTS 

One  advantage  of  cell  line  models  is  that  in  the  undifferentiated  state  the  cells 
proliferate  rapidly  to  permit  generation  of  a  sufficient  population  for  experimenta¬ 
tion.  The  cells  may  then  be  induced  to  differentiate  into  a  number  of  morphologically 
and  biochemically  distinct  phenotypes,  some  of  which  may  include  high  concentra¬ 
tions  of  the  receptor  of  interest.  In  SH-SY5Y  cells,  Yu  et  al.u  showed  that 
differentiation  with  retinoic  acid  (RA)  increased  mu  receptors  by  60%.  We  further 
characterized  the  effects  of  differentiating  agents  on  opiate  receptors13  and  found 
that  delta  receptors  are  also  increased  to  about  the  same  extent  as  mu  receptors  by 
RA,  but  differentiation  with  the  phorbol  agent  TPA  increased  mu  receptors  without 
changing  delta  sites.  Thus,  the  phenotypic  ratio  of  mu  to  delta  sites  can  be 
manipulated  by  the  choice  of  differentiating  agents. 
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IMPLICATIONS  OF  IN  VITRO  MODELS  OF  OPIATE  RECEPTOR 
REGULATION  FOR  IN  VIVO  STUDIES  AND  FOR  MODELS 
OF  OPIATE  TOLERANCE 

Inasmuch  as  activation  of  a  receptor  is  the  first  step  in  the  signal  transduction 
cascade,  changes  in  receptor  number  or  affinity  provide  an  attractive  mechanism  to 
explain  the  loss  of  responsiveness  that  is  characteristic  of  tolerance.  It  is  most  likely, 
however,  that  tolerance  involves  several  molecular  sites  of  action,  including  receptor, 
G-protein,  and  effector  proteins  as  well  as  phosphorylation  and  transcriptional 
events.  Measurable  changes  in  the  receptor  number  or  affinity  cannot  fully  account 
for  the  profile  of  changes  that  characterize  tolerance.  Indeed,  tolerance  can  develop 
independently  of  down-regulation.  Changes  in  any  other  single  step  in  the  signal 
cascade,  however,  are  also  unlikely  by  themselves  to  account  for  the  full  profile  of 
tolerance.  Further  understanding  of  changes  at  each  step  is  needed  to  develop  a 
comprehensive  understanding  of  the  cellular  mechanisms  of  tolerance. 

Regulation  by  agonists  of  opiate  receptors  in  brain  has  been  highly  variable. 
After  in  vivo  chronic  administration  of  agonists,  opiate  receptors  in  brain  have  been 
reported  to  decrease,25-26  increase,27-31  not  change,32-33  change  in  some,  but  not  other 
brain  areas,34  and  to  change  in  amount  and  direction  depending  on  the  dose,  efficacy, 
and  selectivity  of  the  agonist.35  36 

The  suggestion  that  efficacy  is  a  critical  factor  in  whether  an  agonist  will  induce 
down-regulation  was  first  proposed  on  the  basis  of  in  vitro  studies  with  the  delta 
receptor3  and  was  confirmed  in  vitro  for  the  mu  receptor.7  Studies  in  vivo  are 
consistent  with  this  idea  because  the  highly  efficacious  agonist  etorphine  decreased 
mu  and  delta  receptors  in  rat  brain26  and  mu  receptors  in  mouse  brain.35  The  high 
efficacy  mu  agonist  DAMGO  down-regulated  mu  receptors  in  SH-SY5Y  cells13  and 
in  three  of  eight  areas  examined  in  rat  brain.34 

The  dose  of  agonist  required  for  down-regulation  may  also  offer  clues  to 
differences  in  receptor  regulation  in  vivo  and  in  vitro,  and  perhaps  between  develop¬ 
ing  and  adult  animals.  It  has  been  suggested35-37  that  one  reason  that  down- 
regulation  is  readily  observed  in  culture  but  not  in  vivo  is  that  the  doses  required  are 
toxic  in  vivo,  whereas  cell  cultures  can  handle  higher  doses.  In  the  mu  receptor- 
containing  7315c  pituitary  cells,4-5  down-regulation  required  considerably  higher 
doses  and  longer  exposure  times  than  did  desensitization,  which  is  the  relatively 
rapid  loss  of  the  cyclicAMP  response  to  the  acute  exposure  to  agonist.  Desensitiza¬ 
tion  and  down-regulation  were  also  found  to  be  separable  phenomena  in  earlier 
studies  on  the  delta  sites  in  NG108-15  cells.3 

In  the  NG108-15  cells,  however,  low  doses  of  highly  efficacious  compounds  were 
capable  of  down-regulating  receptors.  In  SH-SY5Y  cells  it  has  been  reported  that 
desensitization  and  down-regulation  were  not  clearly  distinguishable.38  In  addition, 
doses  of  morphine  (IC50)  required  for  down-regulation  of  receptors  in  SH-SY5Y 
cells7-13  were  comparable  to  both  the  K[  for  binding  in  culture  and  the  doses  required 
to  induce  the  major  functional  response  to  morphine,  which  is  inhibition  of  adenylate 
cyclase.  Furthermore,  the  delta  agonist  DPDPE  down-regulated  the  delta  receptor 
at  very  low  concentrations.13  Thus,  down-regulation  does  not  necessarily  require 
unusually  high  doses  of  agonists.  Again,  the  efficacy  of  the  agonist  is  an  important 
consideration,  and,  for  the  in  vivo  situation,  its  pharmocokinetics  and  the  relative 
sensitivity  of  systems  mediating  toxic  effects  of  the  drug  may  all  contribute  to 
differences  observed  in  vivo  and  in  vitro. 

In  the  developing  animal,  related  issues  may  contribute  to  the  phenomenon 
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observed  by  us  and  others39-42  that  agonist-induced  down-regulation  is  more  readily 
apparent  during  the  perinatal  period  than  in  later  life.  Less  activity  of  metabolic 
enzymes43  or  a  less  developed  blood-brain  barrier  could  contribute  to  greater 
delivery  of  opiates  to  the  brain  in  young  animals.  Other  factors  must  also  be 
considered,  however,  including  differential  ontogenic  expression  of  opiate  receptor 
types  or  components  of  their  signaling  processes,  and  homeostatic  mechanisms 
(described  below)  that  may  counteract  the  effects  of  opiates. 

Like  all  models  of  tolerance,  those  involving  changes  in  receptors  have  certain 
strengths  and  weaknesses.44  Changes  in  receptors  would  account  for  certain  aspects 
of  cross-tolerance,  in  which  agonists  selective  for  one  receptor  type  do  not  induce 
tolerance  at  other  receptors.  Theoretical  models  must  accommodate  the  observation 
that  opiates  can  induce  changes  in  responsiveness  of  great  magnitude  (e.g.,  1000 
fold)  45  Considerable  loss  of  response  can  be  explained  by  receptor  models.  How¬ 
ever,  changes  resulting  from  loss  of  receptor  number  alone  would  tend  to  be  abrupt 
rather  than  continuous  as  is  typical  of  tolerance.  The  concept  of  “receptor  reserve,” 
in  which  only  a  small  proportion  of  receptors  need  to  be  occupied  for  a  maximal 
response,  in  general  does  not  specify  the  locus  of  the  reserve.  Excess  of  receptors  or 
components  of  their  signaling  systems  could  mediate  the  reserve.  Because  chronic 
exposure  to  agonist  diminishes  the  reserve,  the  dose-response  curve  of  the  agonist  is 
first  shifted  to  the  right  (greater  doses  are  required  for  a  given  effect),  and  then  the 
maximal  response  declines  when  the  reserve  is  lost  and  the  receptor  number 
declines.  Thus,  in  a  system  in  which  the  receptor  number  contributes  substantially  to 
the  reserve,  a  loss  in  number  would  be  reflected  in  a  gradual  loss  in  response.  If 
post-receptor  mechanisms  are  primarily  responsible  for  the  reserve,  loss  of  receptor 
number  would  lead  to  an  abrupt  drop  in  responsiveness. 

One  of  the  major  weaknesses  of  an  opiate  receptor  model  of  tolerance  is  that 
many  studies  in  vivo  have  reported  that  tolerance  occurs  in  the  absence  of  changes  in 
receptors.  For  this  reason,  several  alternative  mechanisms  have  been  postulated  to 
explain  tolerance,  some  of  which  can  be  classified  as  homeostatic.  In  these  models, 
non-opiate  processes  are  activated  by  opiates  and  counteract  the  actions  of  the 
opiates.  These  mechanisms  include  “antiopiate”  or  “opiate  modulating’  endog¬ 
enous  peptides  such  as  NeuropeptideFF  (NPFF)46"48  and  brain  peptides  related  to 
Tyr-MIF-1  (Tyr-Pro-Leu-Gly-NH2).  NPFF  provides  a  model  of  a  peptide  that  does 
not  bind  to  opiate  receptors  but  is  able  to  antagonize  opiate  effects,  presumably 
through  actions  at  its  own  receptor.  The  Tyr-MIF-l-like  peptides,  by  contrast,  bind 
to  both  the  mu  opiate  receptor49"51  and  to  non-opiate  Tyr-MIF-1  sites.52"54 

Homeostatic  mechanisms  are  thought  to  be  activated  by  opiates  acting  at  their 
receptors  to  release  the  modulating  peptide.  Although  this  model  can  account  for 
aspects  of  tolerance  and  withdrawal  that  other  models  cannot,  a  theoretical  limita¬ 
tion  is  that  the  level  of  activation  of  the  modulating  peptide  will  be  maximal  with 
saturation  of  the  opiate  receptor;  this  would  occur  relatively  early  in  the  develop¬ 
ment  of  tolerance,  and  further  tolerance  through  this  mechanism  would  be  limited.44 
Tyr-MIF-1,  Tyr-W-MIF-1  (Tyr-Pro-Trp-Gly-NH2)50  and  related  peptides,  by  con¬ 
trast,  can  bind  to  the  opiate  site  and,  particularly  during  tolerance  or  in  conditions  of 
reduced  opiate  receptor  reserve,  can  antagonize  the  actions  of  morphine  and 
DAMGO.55  This  effect  may  result  from  its  action  as  a  partial  agonist  at  the  opiate 
site,  from  an  “antiopiate”  action  at  its  own  site,  or  both.  These  peptides  therefore 
provide  candidate  molecules  involved  in  a  model  of  tolerance  that  combines  aspects 
of  opiate  receptor  and  homeostatic  mechanisms.56  Such  a  combined  model  could 
account  for  aspects  of  tolerance  that  other  models  have  difficulty  explaining,  such  as 
large,  continuous  shifts  in  the  dose-response  curve. 

In  summary,  several  mechanisms  and  characteristics  of  agonist-  and  antagonist- 
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induced  changes  in  opiate  receptors  and  their  responsiveness  to  opiates  have  been 
characterized  in  cell  lines,  including  the  mu  receptor-containing  SH-SY5Y  cells. 
These  studies  have  implications  for  changes  observed  in  vivo  and  ultimately  for  our 
understanding  of  the  dynamic  processes  underlying  changing  responsiveness  to 
opiates  and  neurotransmitters  in  general. 
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Methionine  enkephalin  (ME)  produced  a  variety  of  pharmacological  and/or  physi¬ 
ological  actions.1  It  decreased  blood  pressure  (BP)  although  its  cardiovascular 
actions  are  variable  depending  on  routes  of  its  administration,  state  of  anesthesia, 
and  animal  species  tested.2  Its  hypotensive  action  was  blocked  by  naloxone,  but  not 
by  naloxone  methobromide,  a  quaternary  analog.  Hypotension  was  also  antagonized 
by  adrenergic  a-receptor  antagonists  such  as  phentolamine.3  ME  suppressed  sympa¬ 
thetic  nerve  activity  before  the  reduction  in  pressure.4  ME  also  affected  blood  flow 
and  vascular  resistance  in  selected  organ  beds  of  rabbits.5  Systemic  infusion  of  ME 
increased  norepinephrine  in  microdialysis  dialysate  in  ventrolateral  medulla  in  rats.6 
The  primary  objective  of  this  work  was  to  elucidate  the  nature  of  opioid  and 
adrenergic  receptor  interactions,  which  will  eventually  modify  peripheral  cardiac 
function. 


MATERIALS  AND  METHODS 

Sprague-Dawley  (SD)  or  spontaneously  hypertensive  rats  (SHR)  were  anesthe¬ 
tized  with  intraperitoneal  Inactin  (120  mg/ kg).  The  right  femoral  artery  and  vein 
were  cannulated  for  monitoring  BP  and  drug  infusion.  Body  temperature  of  the 
animals  was  maintained  and  their  heads  were  fixed  on  stereotaxic  frame.  Cardiovas¬ 
cular  parameters  were  recorded  as  described  previously.4  For  intracisternal  and 
ventrolateral  medulla  (Q  area)  microinjection  the  atlanto-occipital  membrane  was 
punctured  by  a  26-gauge  needle  that  was  mounted  to  a  stereotaxic  micromanipulator 
as  reported.6  ME  (0,  1,  3,  and  10  jxg/kg)  was  injected  into  the  cistema  magna  in  a 
volume  of  5  jxL.  Obex  (stereotaxic  zero)  was  visualized,  and  Q  coordinates  were  2.0 
mm  anterior,  ±  1.9  mm  lateral,  and  3.0  mm  below  the  floor  of  the  fourth  ventricle  as 
reported.6  Catecholamines  were  determined  by  high-performance  liquid  chromatog¬ 
raphy  as  previously  reported.6  For  the  assay  of  thyrosine  hydroxylase  (TH),  dopa¬ 
mine  ^-hydroxylase  (D(3H)  and  phenylethyl  N-methyl  transferase  (PNMT),  adrenal 
glands  and  Q  area  (punch  biopsy)  were  homogenized  in  1  mL  and  0.25  mL  of  5  mM 
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potassium  phosphate  buffer  (pH  7.0),  each  containing  0.2%  Triton  X-100.  Homog¬ 
enates  were  centrifuged  at  10,000  x  g  for  10  min.  The  resultant  supernatants  were 
used  for  enzymes  assay,  based  on  protein  concentration.  For  the  D(3H  assay 
[14C]SAM  (sulfur  adenosyl  methionine)  and  7.5  x  10-5  M  Ca2+  were  used  with  an 
appropriate  volume  of  the  supernatant.  For  the  PNMT  assay  25  p.L  of  Q-area 
supernatant,  and  2  p,L  of  adrenal  supernatant  were  used  at  37°C  for  15  min  in  the 
presence  of  [3H]SAM. 


FIGURE  1.  Effects  of  methionine  enkephalin  (Met-Enk)  alone  and  after  the  administration  of 
naloxone  methobromide  (nal  MB)  in  spontaneously  hypertensive  rats  (SHR).  Young  adult 
SHR  rats  were  anesthetized  with  intraperitoneal  Inactin  (120  mg/kg).  The  ventrolateral 
medulla  (Q  area)  was  exposed  as  reported6  on  stereotaxic  instrument.  Met-Enk  was  injected 
into  the  area  at  a  dose  of  0  (control)  or  1  p-g/kg  in  a  volume  of  1  p-L.  In  a  different  animal  the 
procedure  was  repeated  10  min  after  an  intravenous  administration  of  nal  MB  (1.3  mg/kg). 
Systolic  blood  pressure  was  recorded  as  reported  previously.5  Control  pressure  was  116  ±  8 
mmHg,  which  was  considered  100%.  The  number  in  parentheses  indicates  the  number  of  rats 
used  and  the  vertical  bars  represent  SEM.  Asterisk  indicates  significance  ( p  <  0.05). 


RESULTS  AND  DISCUSSION 

Intravenous  (i.v.)  and  infra  Q  administration  of  ME  reduced  blood  pressure, 
which  was  blocked  by  naloxone  pretreatment.  Intracisternal  injection  of  ME  had 
little  effect  at  tested  dose  (30  p-g/kg).  Pretreatment  of  the  animal  with  an  intravenous 
naloxone  methobromide  did  not  protect  the  animal.  As  little  as  1  (xg/kg  ME 
administration  at  Q  produced  hypotension  in  SD  rats  and  in  SHR  (Fig.  1). 
Pretreatment  of  the  animal  with  naloxone  increased  adrenal  TH  activity  (6.4  versus 
9.4  nm/mg  protein  per  20  min  at  30  °C)  and  adrenal  PNMT  activity  significantly  (data 
not  shown),  suggesting  that  the  enzyme  activities  might  be  suppressed  in  normal 
conditions.  However,  the  PNMT  and  TH  activities  at  Q  area  were  not  affected  after 
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FIGURE  2.  Phenylethyl  N-methyltransferase  (PNMT)  and  thyrosine  hydroxylase  (TH)  activi¬ 
ties  at  the  ventrolateral  medulla  (Q  area)  in  Sprague-Dawley  rats.  Ci  areas  were  obtained  by 
punch  biopsy,  and  the  enzyme  activity  of  PNMT  and  TH  was  assayed  in  the  homogenates  of  the 
biopsy  samples  as  described  in  Materials  and  Methods.  The  PNMT  and  TH  activities  in  the 
samples  obtained  from  the  animals  that  were  treated  with  1  mg/kg  naloxone  (NAL)  were 
slightly  higher  than  the  saline  treatment  as  control  (C);  however,  the  differences  were  not 
significant.  Naloxone  methobromide  (NM)  treatment  intravenously  or  directly  into  the  Ci  area 
[NM(Ci)]  did  not  change  the  enzyme  activities.  Each  point  represents  mean  of  at  least  four  to 
seven  tissues  collected  from  three  to  five  animals. 


naloxone  (1  mg/kg,  i.v.),  naloxone  methobromide  (1.3  mg/kg,  i.v.),  which  was 
applied  directly  into  Q  area  in  both  SHR  and  SD  rats  (Fig.  2).  Furthermore,  D(3H 
activity  at  Ci  area  was  not  affected  by  treatment  of  the  animal.  It  is  concluded  that 
specific  interactions  between  opioid  and  adrenergic  receptors  for  catecholamine 
synthesis,  and  its  metabolism  and  release  in  both  central  and  peripheral  systems  may 
dictate  cardiac  function  such  as  blood  pressure  regulation. 
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Receptor  diversity  appears  to  be  a  general  phenomenon  occurring  for  both  G-protein- 
coupled  and  ion  channel-coupled  receptors  involved  in  neuronal  communication.  In 
our  own  work  we  analyzed  the  role  of  receptor  diversity  in  the  dopamine  (DA) 
receptor  systems  of  the  basal  ganglia.1-5  Five  subtypes  of  DA  receptors  exist,  namely, 
Di  to  D5.  The  two  major  DA  receptor  subtypes  are  the  Dj  receptors,  which  by 
activation  of  the  Gs-proteins  increase  adenylate  cyclase  activity  and  phospholipase  C 
activity,  and  the  D2  receptors  which,  via  Gj-proteins,  are  coupled  to  multiple 
transduction  pathways  involving  inhibition  of  adenylate  cyclase  and  phospholipase  C 
activity,  regulation  of  calcium  influx,  opening  of  potassium  channels,  and  increases  of 
arachidonic  acid  release.6’7 

This  paper  introduces  the  hypothesis  that  one  meaning  of  receptor  diversity  is 
that  it  allows  the  development  of  discrete  interactions  between  receptor  subtypes  of 
the  same  transmitter  as  well  as  for  different  transmitters,  leading  to  the  development 
of  a  new  type  of  plasticity  in  synaptic  (wiring)  transmission  (WT)  and  volume 
transmission  (VT).8 


POSSIBLE  FUNCTIONAL  MEANING  OF  RECEPTOR  DIVERSITY 

Multiple  reasons  probably  exist  for  the  development  of  a  high  degree  of  receptor 
diversity  in  large  numbers  of  receptor  systems  for  the  transmitters  of  the  nervous 
system.  In  the  case  of  G-protein-coupled  receptors,  it  seems  likely  that  the  receptor 
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FIGURE  1.  Schematic  representation  of  the  possible  role  of  receptor-receptor  interactions  in 
the  pattern  of  subtype  receptor  (a,  p,  y, . . . )  activation.  The  scheme  is  based  on  the  following 
conditions:  (1)  equal  amount  of  transmitter  (T)  released  in  the  basal  state  and  after  receptor- 
receptor  interactions  or  sensitization/desensitization;  (2)  equal  receptor  subtype  densities;  and 
(3)  equal  access  of  T  to  the  various  receptor  subtypes.  Note  that  basal  state  can  probably  be 
observed  only  in  vitro. 


diversity  allows  the  receptors  to  couple  to  different  types  of  G-proteins,  which  leads 
to  the  activation  or  inhibition  of  multiple  transduction  mechanisms  as  is  the  case,  for 
example,  for  the  DA  receptor  family.  Because  of  such  multiple  transduction  mecha¬ 
nisms  it  becomes  possible  for  the  transmitter,  DA,  for  example,  to  increase  the  flow 
of  information  over  the  synapses.  Instead,  in  the  case  where  the  receptor  subtypes 
have  the  same  transduction  mechanism,  the  existence  of  the  receptor  subtypes  allows 
the  redundancy  of  the  transmission  so  that  the  safety  of  the  transmission  processes 
can  be  insured. 

The  existence  of  receptor  subtypes  with  a  relatively  high  and  a  relatively  low 
affinity  for  the  transmitter — for  example  DA — makes  it  possible  to  have  a  transmis¬ 
sion  process  with  very  low  release  of  the  transmitter,  and  also  to  recruit,  with 
increasing  impulse  flow,  new  receptor  subtypes  having  a  higher  affinity  for  the 
transmitter,  but  located  further  away  from  the  site  of  release. 

By  recruiting  in  the  transmission  process  different  receptor  subtypes  such  as  D] 
and  D2  receptors,  it  also  becomes  possible  to  develop  positive  or  negative  coopera¬ 
tion  between  the  receptor  subtypes.9  As  an  example,  the  DAergic  inhibition  of  the 
sodium  potassium  ATPase  requires  the  recruitment  of  both  D,  and  D2  receptors.10  It 
may  also  be  surmised  that  whereas  low-affinity  receptors  can  be  involved  in  the  WT, 
high-affinity  receptors  may  also  be  involved  in  the  VT. 

The  existence  of  receptor  diversity  makes  possible  the  development  of  receptor 
subtype-specific  interactions  with  other  transmitter  receptors  so  that  the  plasticity  of 
transmission  can  be  substantially  increased  (Fig.  1).  Thus,  by  selectively  antagoniz¬ 
ing  the  transduction  over  the  D2  receptor  subtype,  transmission  over  the  Dj  receptor 
subtype  will  be  favored,11  as  illustrated  in  the  selective  heteroregulation  of  D2 
receptors  by  neurotensin  (NT)  receptors.  Other  selective  regulators  of  D2  receptors 
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are  the  cholecystokinin  (CCK)  A  and  B  receptors.12-15  A  powerful  antagonistic 
regulator  specifically  involved  in  the  inhibitory  control  of  D2  receptor  transduction  is 
adenosine  operating  via  A^  receptors.16  It  should  be  noted  that,  unlike  the  neuropep¬ 
tides,  the  A2a  receptors  not  only  can  control  the  modulation  within  an  affinity  state 
but  can  also  trigger  a  switching  in  the  proportion  of  the  two  affinity  states  (Fig.  2). 

Another  functional  meaning  of  receptor  diversity  is  probably  also  the  possibility 
to  desensitize  or  sensitize  the  various  receptor  subtypes  for  one  receptor  in  a 
differential  manner.  This  may  be  brought  about  either  via  the  second  messenger 
mechanisms  involving  protein  phosphorylation  of  the  receptor  subtype  proteins,  but 
could  also  involve  the  receptor-receptor  interactions  within  the  membrane.  Thus,  it 
seems  possible  that  neuropeptide  receptors,  such  as  the  NT  and  the  CCKA  and  CCKB 
receptors  can  modulate  the  desensitization  process  via  the  regulation  and  modula¬ 
tion  of  receptor  affinities.  Such  phenomena  will  be  capable  of  regulating  the  duration 
of  the  postsynaptic  responses  induced  by  the  transmission  process. 

Thus,  it  seems  clear  that  the  receptor  diversity  in  combination  with  receptor- 
receptor  subtype  specific  interactions,  which  can  be  antagonistic  or  synergistic  in 
character,  markedly  increase  plasticity  in  WT  and  VT  in  the  nervous  system.  In  this 
way,  switching  among  transmission  lines  for  the  various  DA  receptor  subtypes  will 
become  possible.  Thus,  both  the  peak  and  the  duration  of  the  transmission  process 


A 


FIGURE  2.  Schematic  representation  of  the  possible  role  of  receptor-receptor  interactions  and 
sensitization/desensitization  in  the  control  of  receptor  affinity.  It  should  be  observed  that 
receptor-receptor  interactions  can  modulate  both  receptor  affinity  within  an  affinity  state  (a),  as 
well  as  trigger  the  switch  in  the  proportion  between  the  two  different  affinity  states  (b).  Also 
indicated  in  the  scheme  is  that  sensitization/desensitization  processes  can  affect  receptor- 
receptor  interactions  (c),  as  well  as  switch  the  receptor  affinity  from  the  high-affinity  (HA)  to 
the  low-affinity  (LA)  state  and  vice  versa  (b').  The  preferential  role  of  the  affinity  state  of  a 
receptor  for  volume  transmission  (VT)  and  wiring  transmission  (WT)  is  also  indicated.  For 
further  details,  see  text. 
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can  become  substantially  modulated  in  relation  to  the  state  of  activity  of  the  target 
neuron  and  its  other  afferent  inputs. 

Some  of  these  aspects  are  supported  by  our  work  on  selective  modulation  of  D2 
receptors  by  CCK  and  NT.  In  this  paper  we  will  illustrate  how  such  receptor 
subtype-specific  interactions  among  receptors  can  represent  a  substrate  of  neuronal 
plasticity. 


SELECTIVE  REGULATION  OF  D2  RECEPTORS  VIA  CCK  RECEPTOR 
SUBTYPES  AND  NEUROTENSIN  RECEPTORS  MAY  UNDERLIE 

CCK/DOPAMINE  AND  NEUROTENSIN/DOPAMINE  INTERACTIONS 

IN  THE  BASAL  GANGLIA 

Studies  at  the  Membrane  Level 

It  was  early  demonstrated  that  an  antagonistic  intramembrane  regulation  of 
postsynaptic  striatal  D2  receptors  by  CCK  receptors  may  exist  that  may  underlie  the 
neuroleptic-like  actions  found  after  central  CCK-8  administration.1213-1517-19  The 
results  obtained  in  striatal  membranes,  both  from  the  dorsal  and  ventral  part, 
demonstrated  that  CCK-8  could  produce  a  selective  reduction  of  the  D2  agonist 
affinity  without  any  change  in  the  Bmax  value.  Recently,  it  has  been  shown  by  Li  et  al. 15 
that  0.1  nM  of  CCK-8  increases  the  IQ  value  of  the  D2  agonist  [3H]N-propylnor- 
apomorphine  (NPA)  binding  sites  by  42%,  an  action  blocked  by  the  CCKB  antagonist 
PD134308.  This  increase  in  the  IQ  value  by  CCK-8  was  probably  related  to  a 
reduction  of  the  association  rate  constant  of  [3H]NPA  by  45%  induced  by  CCK-8.  In 
contrast,  NT,  which  also  has  been  found  to  increase  the  IQ  value  of  the  D2  agonist 
binding  sites,  did  so  instead  by  increasing  the  dissociation  rate  constant.20  The  fact 
that  CCK-8  reduces  the  association  rate  constant15  whereas  NT  increases  the 
dissociation  rate  constant  in  their  modulation  of  the  IQ  value  of  the  D2  agonist 
binding  sites  may  explain  the  recent  observation  of  synergistic  interactions  between 
NT  and  CCK-8  in  their  inhibitory  control  of  D2  receptors.21  A  synergistic  interaction 
was  not  obtained  when  a  high  concentration  of  the  neuropeptides  was  used, 
suggesting  that  the  two  types  of  neuropeptide  receptors  can  interact  with  a  common 
regulatory  mechanism  in  the  D2  receptor  transduction. 

It  should  be  underlined  that  only  the  CCKB  receptors  are  involved  in  the 
reduction  of  the  IQ  value  of  the  D2  agonist  binding  sites  in  rat  striatal  membranes, 
inasmuch  as  the  CCKA  antagonist  L364718  was  ineffective  in  counteracting  the 
increase  of  the  IQ  value  by  1  nM  of  CCK-8.15  These  results  are  also  in  line  with  the 
early  studies  of  Agnati,  Fuxe,  and  colleagues  that  also  CCK-4,  a  selective  CCIQ 
agonist,  reduces  the  affinity  of  the  D2  agonist  binding  sites  in  striatal  membranes.12-13 
Thus,  it  seems  clear  that  a  receptor  subtype  of  the  CCK  receptor  family,  the  CCIQ 
receptor  subtype,  can  selectively  interact  in  an  inhibitory  way  with  the  D2  receptor 
subtype  of  the  DA  receptor  family,  illustrating  the  receptor  subtype  selectivity 
involving  both  the  interacting  receptors.  However,  it  must  be  emphasized  that  the  D3 
and  D4  subtypes  of  DA  receptors  have  not  yet  been  tested  for  their  interaction  with 
the  CCK  and  NT  receptors,  so  that  the  absolute  specificity  of  these  interactions  still 
remains  to  be  clarified.  It  is  of  substantial  interest  that  the  C-terminal  NT-(8-13) 
fragment  potently  and  antagonistically  modulates  rat  neostriatal  D2  receptors22  and 
that  neuromedin  N  (NN)  also  is  a  potent  modulator  of  D2  receptor  agonist  binding  in 
rat  neostriatal  membranes.23  In  view  of  the  higher  potency  of  NN  versus  NT  to 
regulate  neostriatal  D2  receptors— in  contrast  to  the  higher  potency  of  NT  versus  NN 
to°bind  to  the  cloned  NT  receptors— the  NN-activated  neostriatal  NT,  receptors 
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involved  in  the  regulation  of  the  D2  receptors,  may  represent  a  distinct  subtype  of  NT 
receptors.23 

However,  in  competition  experiments  a  different  type  of  modulation  of  D2 
receptors  by  CCK-8  has  been  observed.15  CCK-8  (1  nM)  was  found  to  reduce  the  KH 
and  Kl  values  of  DA  for  the  D2  antagonist  [3H]raclopride  binding  sites  in  the  order  of 
50%  (Fig.  3).  These  increases  in  affinity  were  found  to  be  blocked  by  both  CCKA  and 
CCKB  antagonists.  Of  substantial  interest  was  the  demonstration  that  the  Di 
antagonist  SCH23390  counteracted  the  CCK-8-induced  reductions  in  the  KH  and  KL 
values  of  DA.  Thus,  it  seems  clear  that  upon  a  joint  activation  of  Dj  and  D2  receptors, 
CCK-8  via  activation  of  both  CCKA  and  CCKB  receptors,  will  increase  and  not 
reduce  the  affinity  of  D2  receptors  for  DA.  The  pattern  of  DA  receptor  subtype 
activation  will  determine  whether  CCK-8  will  antagonize  or  enhance  D2  receptor 


* 


Dopamine  (log  M) 

FIGURE  3.  Representative  competition  curves  illustrating  the  effect  of  1  nM  of  cholecystoki- 
nin  octapeptide  (CCK-8)  on  dopamine  (DA)-induced  inhibition  of  D2  antagonist  [3H]raclo- 
pride  (2  nM)  binding  in  rat  neostriatal  membranes.  Competition  experiments  with  20  concen¬ 
trations  of  DA  (1  pM-0.1  mM)  were  performed  by  incubating  the  neostriatal  membranes  for  30 
min  at  25  °C  in  the  presence  of  1  nM  of  CCK-8.  Using  iterative  nonlinear  regression  fitting 
procedure,  the  Kh  and  the  Kl  values  were  4.10  nM  and  284  nM,  respectively,  for  the  control 
curve  (O),  and  1.17  nM  and  92  nM,  respectively,  for  the  1  nM  of  CCK-8  curve  (■).  The  RB 
values  were  51  and  46%,  respectively. 


transduction  within  the  brain.  It  appears  that  especially  the  Di  receptor  exerts  a 
switching  action  in  D2  regulation,  so  that  upon  Di  receptor  activation  CCK-8  then 
enhances  the  affinity  of  the  D2  receptors  instead  of  reducing  it.  Thus,  the  pattern  of 
DA  receptor  subtype  activation  will  determine  the  type  of  modulation  of  the  D2 
receptors  induced  by  activation  of  CCK  receptor  subtypes.  This  view  has  recently 
been  strengthened  by  observations  that  CCK-8  in  vitro  and  in  vivo  can  strongly 
regulate  striatal  D2  receptors  in  sections  of  rat  forebrain  in  the  same  way  as  observed 
in  the  striatal  membrane  preparations.24  Of  particular  interest  in  this  analysis  was  the 
demonstration  by  Li  et  al.24  that  a  stronger  CCK/DA  interaction  was  found  in 
sections  versus  that  found  in  membrane  preparations,  indicating  that  either  cytosolic 
factors  and/or  intact  membranes  are  necessary  for  the  full  development  of  this  type 
of  receptor  interaction.  Another  interesting  finding  was  the  demonstration  that 
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within  the  CCK/DA  costoring  region  of  the  nucleus  accumbens  a  stronger  modula¬ 
tion  of  D2  receptor  binding  characteristics  was  found  to  take  place  after  the  in  vitro 
and  in  vivo  treatment  with  CCK-8.  Therefore,  these  types  of  intramembrane  receptor- 
receptor  interactions  may  have  a  special  role  in  cotransmission.  Such  a  strong 
modulation  of  D2  receptors  has  also  been  found  in  rat  striatal  sections  when  using 
NT/NN  peptides,25  again  emphasizing  the  importance  of  intracellular  factors  and/or 
of  the  intact  membrane  structure.  Taken  together  these  studies  underline  the 
importance  of  receptor-receptor  interactions  exerted  at  the  membrane  level  between 
neuropeptide  receptors  and  D2  receptors,  which  are  determined  at  least  in  part  by 
the  ongoing  activity  at  Di  receptors. 

It  is  of  interest  to  note  that  the  switching  role  of  D]  receptors  is  abolished  when 
NT  and  CCK-8  are  added  jointly  to  regulate  the  D2  receptor  binding  characteristics 
in  rat  neostriatal  membranes.21  Thus,  in  these  experiments  threshold  concentrations 
of  CCK-8  and  NT  significantly  increased  the  Kj  value  of  the  high-affinity  D2 
receptors  as  studied  in  competition  experiments  with  the  [3H]raclopride  versus  DA 
and  in  saturation  experiments  involving  a  D2  agonist  radioligand  [3H]NPA.  In  this 
case  the  activation  of  NT  receptors  will  not  allow  the  activated  Dj  receptor  to  convert 
the  CCK  receptor  regulation  of  the  D2  receptors  into  one  of  enhancement  of  the 
affinity.  Instead,  the  results  demonstrate  that  the  reduction  of  affinity  will  dominate 
and  that  the  two  neuropeptides  synergize  in  the  inhibitory  regulation  of  the  D2 
receptor  affinity.  It  becomes  increasingly  clear  that  the  modulation  of  D2  receptor 
subtype  is  not  dependent  upon  a  single  interaction  but  is  determined  by  a  set  of 
directly  and  indirectly  interacting  receptors  activated  by  several  neurotransmitters 
impinging  on  the  same  striatal  cells.  The  results  obtained  in  the  membrane  binding 
studies  certainly  imply  that  the  same  striatal  nerve  cells  must  contain  both  Dj,  D2, 
NT,  and  CCK  receptors.  The  cellular  colocalization  of  these  receptors,  however,  still 
remains  to  be  directly  demonstrated. 

In  conclusion,  it  seems  possible  that  every  neuron  operates  with  a  preferred 
constellation  of  receptor-receptor  interactions,  possibly  involving  the  formation  of 
receptor  mosaics.26 


Studies  at  the  Network  Level 

When  using  intracerebral  microdialysis  in  combination  with  studies  on  DA 
release,  in  vivo  evidence  has  been  obtained  that  the  CCKB/D2  antagonistic  receptor 
interaction  exists  at  the  presynaptic  level  in  the  striatal  DA  nerve  terminal  net¬ 
works.27  Thus,  CCK-8  perfused  by  the  microdialysis  probe  in  the  halothane  anesthe¬ 
tized  rat  was  able,  in  a  concentration-related  way  (1  nM  to  1  pM),  to  counteract  the 
inhibitory  actions  of  systemically  given  apomorphine  (0.05  mg/kg,  s.c.)  on  the  DA 
release  (Fig.  4),  an  action  blocked  by  a  CCK  antagonist.  These  results  seem  to  give  a 
functional  correlate  to  the  antagonistic  interaction  between  CCKB  and  D2  receptors 
demonstrated  in  the  striatal  membrane  preparations.  Thus,  activation  of  presumable 
CCKb  receptors  may  reduce  the  D2  autoreceptor  affinity  leading  to  a  reduction  of  the 
apomorphine-induced  inhibition  of  DA  release.  Studies  on  GABA  release  within  the 
nucleus  accumbens  support  the  existence  of  an  antagonistic  CCKB/D2  interaction 
also  within  the  postsynaptic  cells  by  the  demonstration  that  CCK-8  (1  pM)  increased 
both  GABA  and  DA  release  by  35  and  43%,  respectively.28  It  is  also  possible  to 
obtain  a  functional  correlate  to  the  synergistic  interaction  demonstrated  between  NT 
and  CCK-8  in  the  control  of  D2  receptors.21  Thus,  the  two  neuropeptides  were  found 
to  synergistically  antagonize  the  apomorphine-induced  inhibition  of  DA  release  as 
evaluated  by  means  of  intrastriatal  microdialysis.  In  the  presence  of  1  nM  of  CCK-8, 
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NT  in  subthreshold  concentrations  (0.01-1  nM)  counteracts  the  apomorphine  (0.05 
mg/kg,  s.c.)  induced  inhibition  of  DA  release  by  70%,  but  in  the  absence  of  CCK-8, 
NT  in  the  low  concentrations  has  no  action  (Fig.  5). 

Also  in  the  case  of  NT/D2  receptor  interactions,  it  has  been  possible — by  means 
of  intrastriatal  and  intraaccumbens  microdialysis — to  obtain  a  functional  correlate  to 
the  receptor  interactions  found  in  the  membrane  preparations  from  the  striatum. 
Thus,  the  presynaptic  NT  receptors  located  on  the  striatal  DA  terminals  will 
antagonize  the  inhibitory  actions  exerted  by  apomorphine  on  DA  release  mediated 
by  activation  of  D2  autoreceptors  (Fig.  6).29  Furthermore,  in  the  awake  and  unre¬ 
strained  male  rat  NT  can  also  antagonize  the  inhibitory  effects  of  D2  agonists  on 
extracellular  levels  of  DA,  DOPAC,  and  HVA.  These  results  give  evidence  that  the 
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FIGURE  4.  Effects  of  local  perfusion  with  neurotensin  (NT)  {panel  A)  and  CCK-8  ( panel  B) 
on  dopamine  (DA)  extracellular  levels  in  the  dorsal  striatal  dialysates  from  the  apomorphine- 
treated  halothane  anesthetized  rat.  The  results  were  expressed  as  a  percentage  of  the  mean  of 
three  basal  values.  Mean  ±  SEM  are  shown.  The  absolute  value  of  basal  DA  outflow  was  126  ± 
5  fmol/20  min.  The  statistical  analysis  was  carried  out  according  to  one-way  ANOVA  followed 
by  Newman-Keuls  test  for  multiple  comparisons.  **p  <  0.01  versus  apomorphine  alone  and 
plus  1  nM  NT  {panel  A)  or  1  nM  CCK-8  {panel B).  Significances  are  shown  only  for  the  peak 
effect. 


presynaptic  NT  receptors  located  on  DA  terminals  also  can  counteract  transduction 
occurring  at  D2  autoreceptors  leading  to  inhibition  of  DA  release.  Recent  studies  on 
D2-regulated  GABA  release  indicate  that  D2  receptors  located  in  the  nerve  cell 
membranes  on  the  GABA/enkephalin  (ENK)  striopallidal  neurons  projecting  to  the 
external  globus  pallidus  are  antagonistically  regulated  by  the  NT  receptors.11  Thus, 
in  the  awake  unrestrained  male  rat  perfusion  with  NT  by  microdialysis  is  capable  of 
counteracting  the  inhibitory  actions  of  the  D2  agonist  pergolide  on  the  extracellular 
levels  of  GABA.  These  results  provided  a  functional  correlate  to  the  binding 
experiments  postulating  the  existence  of  antagonistic  NT/D2  receptor  interactions  in 
neostriatal  membranes.  Thus,  the  neuroleptic  activity  of  NT  peptides11  and  NN 
peptides23  may  be  produced  via  antagonistic  actions  on  D2  receptor  transduction. 
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FIGURE  5.  Effects  of  CCK-8  alone  or  in  the  presence  of  increasing  concentrations  of 
neurotensin  (NT)  (0.1, 1,  and  10  nM).  The  area  below  curves  during  the  perfusion  period  has 
been  considered  (see  Fig.  4,  curve  B)  and  expressed  as  percent  values  of  the  mean  area  under 
the  apomorphine  curve  in  the  corresponding  perfusion  period.  Concentrations  NT  and  CCK-8 
up  to  1  nM  were  by  themselves  ineffective.  Percentage  values  for  NT  +  CCK-8  and  CCK-8 
alone  have  been  plotted.  From  these  two  dose-response  curves  an  approximate  evaluation  of 
the  respective  ED50  values  can  be  obtained  as  indicated,  n  =  5-7  rats.  *p  <  0.05;  p  <  0.01 
versus  the  apomorphine  alone  group  according  to  one-way  ANOVA  followed  by  Neuman- 
Keuls  test  for  multiple  comparisons. 


Instead,  combined  treatment  with  the  Di  agonist  SKF38393  and  NT,  but  not  with  the 
D]  agonist  alone,  leads  to  significant  increases  in  the  extracellular  striatal  levels  of 
GABA.  In  this  way  the  striatal  NT  receptor  can  selectively  reduce  the  transmission 
over  the  D2  receptors,  leading  to  a  switching  of  DA  transmission  towards  Di 
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FIGURE  6.  Effects  of  neurotensin  (NT)  alone  and  in  combination  with  bicuculline  (Bic)  on 
GABA  {panel  A)  and  dopamine  (DA)  {panel  B)  extracellular  levels  from  the  posteromedial 
nucleus  accumbens  of  the  halothane  anesthetized  rat.  The  results  are  expressed  as  a  percentage 
of  the  mean  of  three  basal  values.  Mean  ±  SEM  are  shown.  The  basal  absolute  values  were 
99  ±  6  fmol/20  min  for  DA  and  608  ±  40  fmol/20  min  for  GABA,  n  =  5-7.  **p  <  0.01  versus 
control  as  well  as  Bic  alone.  xp  <  0.01  versus  NT  plus  Bic. 
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receptor-mediated  neurotransmission,  increasing  the  extracellular  GABA  levels. 
Following  activation  of  striatal  NT  receptors  DA  transmission  will  therefore  mainly 
operate  via  Di  receptor-mediated  excitation  of  the  strionigral  GABAergic  system. 

In  this  way  plastic  responses  based  on  receptor  diversity  and  receptor-receptor 
interactions  are  made  possible  for  both  WT  and  VT.  The  data  summarized  in  this 
paper  illustrate  these  plastic  responses  for  DA  neurotransmission,  where  DA 
receptor  diversity  and  receptor-receptor  interactions  among  different  types  of  recep¬ 
tors  selective  for  a  certain  subtype — in  this  case  the  D2  receptor  subtype — 
substantially  increase  the  DA  transmission  plasticity. 

Recently,  we  focused  our  attention  on  the  nucleus  accumbens,  a  brain  area  where 
the  interaction  of  the  two  neuropeptides  with  the  DAergic  and  GABAergic  systems 
also  seems  to  take  place.  Our  results  demonstrated  that  the  local  perfusion  with  NT 
(10  nM)  induced  a  long-lasting  increase  of  basal  GABA  outflow  (+45%),  but, 
surprisingly,  produced  a  prolonged  inhibition  of  DA  release  (-25%).  Pretreatment 
with  the  GABAa  antagonist  bicuculline  (1  |xM,  a  concentration  by  itself  ineffective) 
abolished  the  NT-induced  reduction  of  dopamine  outflow  without  affecting  the 
associated  increase  of  GABA  release  (Fig.  6A  and  B).28  These  findings  provided 
strong  evidence  that  NT-induced  inhibition  of  DA  release  is  mediated  by  a  local 
increase  in  the  GABA  outflow.  The  activation  of  GABA  release  induced  by  the 
peptide  could  be  related  to  selective  postsynaptic  antagonistic  NT/D2  receptor- 
receptor  interaction  on  the  GABA  neurons  innervating  the  nucleus  accumbens. 

Taken  together,  the  results  obtained  with  the  perfusion  of  NT  in  the  dorsal 
striatum  and  in  the  nucleus  accumbens  demonstrate  that  the  neuropeptide  differen¬ 
tially  influences  DA  and  GABA  transmission  in  these  brain  areas.  Furthermore,  they 
suggest  that,  in  contrast  to  the  dorsal  striatum,  the  presynaptic  but  not  the  postsynap¬ 
tic  NT/D2  receptor-receptor  interaction  is  missing  in  the  nucleus  accumbens.30-32 
Thus,  it  seems  possible  that  the  NT-induced  activation  of  GABA  release  could  either 
directly  inhibit  the  DA  release  or,  indirectly,  reduce  the  activity  of  a  tonic  excitatory 
input  on  DAergic  terminals  in  the  nucleus  accumbens.  On  the  contrary,  in  the  dorsal 
striatum,  the  lack  of  DA  inhibition  could  be  due  to  the  activation  of  NT  receptors 
present  on  the  DAergic  terminals,33  which  via  the  presynaptic  NT/D2  receptor 
interaction  increase  DA  release. 

In  conclusion,  these  functional  microdialysis  data  suggest  that  the  modulation  by 
NT  and  CCK-8  of  the  striatal  and  accumbens  DAergic  and  GABAergic  systems  may 
be  relevant  for  the  postulated  antipsychotic  actions  of  these  neuropeptides.34*35 


CCKb/D2  AND  NT/D2  RECEPTOR  INTERACTIONS 
AND  THEIR  RELEVANCE  FOR  SCHIZOPHRENIA 

The  present  studies  open  up  the  possibility  that  the  neuroleptic-like  actions  seen 
following  central  NT  and  CCK-8  administration  is  the  result  of  an  antagonistic  NT 
and  CCKb  receptor  modulation  of  the  postsynaptic  D2  receptors  in  the  neostriatum 
and  the  nucleus  accumbens.18*36  These  antagonistic  intramembrane  interactions 
involving  the  postsynaptic  D2  receptors  probably  take  place  in  the  striopallidal 
GABAergic  neurons  involving  both  the  dorsal  and  ventral  components  of  this 
pathway,  the  ventral  component  being  of  particular  interest  in  relation  to  schizophre¬ 
nia  in  view  of  its  role  in  controlling  the  output  from  the  limbic  system.  Thus,  it  may  be 
surmised  that  schizophrenia  can  be  the  final  outcome  of  different  neurochemical 
lesions  such  as  alterations  in  CCK-8  and/or  NT  release,  as  well  as  in  CCK  and  NT 
receptor  interactions  with  the  D2  receptors.  These  alterations  could  lead  to  a 
pathological  pattern  in  DA  communication  (WT  and  VT).  However,  abnormal 
spatial /temporal  patterns  in  the  DA  communication  may  also  depend  on  a  miswiring 
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of  the  system  inasmuch  as  structural  abnormalities  have  been  described  in  the  brain 
of  some  patients  with  schizophrenia.11’37,38 

This  new  way  of  looking  at  schizophrenia  may  represent  a  more  precise  picture  of 
the  pathogenetic  mechanisms  and  it  may  also  suggest  novel  therapeutic  approaches. 


SUMMARY 

Receptor  diversity  in  combination  with  receptor-receptor  subtype  specific  inter¬ 
actions,  which  can  be  antagonistic  or  synergistic  in  character,  markedly  increase 
plasticity  in  WT  and  VT  in  the  nervous  system.  In  this  way  switching  among 
transmission  lines  for  the  various  DA  receptor  subtypes  becomes  possible.  Some  of 
these  aspects  are  supported  by  our  work  on  selective  modulation  of  D2  receptors  by 
CCK  and  NT.  Selective  regulation  of  D2  receptors  via  CCK-8  receptor  subtypes  and 
NT  receptors  may  underlie  CCK/DA  interactions  and  NT/DA  interactions  in  the 
basal  ganglia.  These  studies  underline  the  importance  of  receptor-receptor  interac¬ 
tions  exerted  at  the  membrane  level  between  neuropeptide  receptors  and  D2 
receptors,  which  are  determined  at  least  in  part  by  the  ongoing  activity  at  Di 
receptors.  In  the  case  of  both  CCK/D2  and  NT/D2  receptor  interactions,  it  has  been 
possible,  by  means  of  intrastriatal  and  intraaccumbens  microdialysis,  to  obtain  a 
functional  correlate  to  the  receptor  interactions  found  in  the  membrane  prepara¬ 
tions  from  the  striatum. 

Schizophrenia  may  be  in  part  related  to  reduced  release  of  CCK  and/or  NT 
peptides  or  to  alterations  in  their  receptor  interactions  with  the  D2  receptor.  This 
view  may  lead  to  new  therapeutic  approaches. 
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Neurotensin  (NT),  a  tridecapeptide,1  is  widely  distributed  in  the  brain  of  various 
species  and  is  recognized  as  a  putative  peptide  neurotransmitter  in  the  mammalian 
brain.  There  now  exists  a  growing  body  of  anatomical,  neurochemical,  electrophysi- 
ological,  behavioral,  and  pharmacological  evidence  that  NT  interacts  with  brain 
dopamine  (DA)  systems. 


NEUROCHEMISTRY 

The  modulatory  influence  of  NT  on  brain  DA  neuronal  function  is  widespread 
with  effects  reported  for  retinal  to  hypothalamic2  DA  neurons.  Light  microscopic 
autoradiographic  analyses  have  shown  a  dense  localization  of  NT  receptors  on 
DA-containing  neurons  in  the  substantia  nigra  zona  compacta  and  the  ventral 
tegmental  area  (VTA).3  A  facilitatory  effect  of  NT  on  [3H]-DA  release  from  rat 
mesencephalic  cells  in  primary  culture  represents  a  functional  corollary  of  this 
receptor  distribution.4  Several  studies  using  6-hydroxydopamine-induced  lesions  of 
the  nigrostriatal  or  mesolimbic  DA  system  in  the  rat  have  also  demonstrated  the 
presence  of  NT  receptors  on  presynaptic  dopaminergic  innervation.5-8  Along  with 
the  dopaminergic  terminals,  a  large  percentage  of  NT  receptors  is  lost  in  the  caudate 
putamen,  nucleus  accumbens,  and  olfactory  tubercle  following  6-hydroxydopamine 
lesion  of  the  median  forebrain  bundle.8  As  well  as  receptors  for  both  NT  and  DA 
existing  in  the  same  anatomical  location,  the  neurotransmitters  themselves  are 
colocalized  within  neurons  originating  from  the  ventral  tegmental  area  and  project¬ 
ing  to  either  the  nucleus  accumbens9  or  the  prefrontal  cortex10  in  the  rat.  Whether  an 
interaction  would  have  the  same  physiological  relevance  in  man  is  unclear  because, 
in  contrast  to  the  rat,  NT  and  DA  in  man  are  not  colocalized  in  neurons  projecting  to 
the  prefrontal  cortex.  The  presence  of  NT  receptors  on  presynaptic  dopaminergic 
terminals  in  the  caudate-putamen  correlates  well  with  demonstrated  biochemical 
effects  of  NT  on  this  pathway.  It  has  been  shown  that  NT  modifies  DA  metabolism  in 
the  striatum11  and  facilitates  the  in  vitro  release  of  DA  from  rat  striatal  slices.12 

A  modulatory  interaction  between  NT  and  DA  receptors  on  receptor  function  is 
also  supported  by  accumulating  evidence.  In  vitro  findings  demonstrate  that  NT 
reduces  the  affinity  of  [3H]-DA  binding  sites  in  membranes  from  the  subcortical 
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limbic  forebrain  and  striatum.13  It  has  been  shown,  both  in  vivo  and  in  vitro,  that 
exogenous  NT  decreases  the  affinity  of  D2  and  D3  DA  receptor  agonist  binding.14"16 
Both  D2  and  D3  DA  receptors  are  thought  to  be  coupled  to  G-proteins;  however,  the 
effect  of  NT  on  the  affinity  of  DA  receptors  would  seem  to  be  via  an  as-yet-unknown, 
G-protein-independent  mechanism.14,15  Data  indicates  that  DA  receptor  activation 
produces  a  significant  reduction  in  affinity  (increased  IQ),  and  a  significant  increase 
in  the  number  of  [3H]-NT  binding  sites  (increased  Bmax)  in  subcortical  limbic 
membranes.17  Furthermore,  rat  striatal  membranes  from  the  6-hydroxydopamine- 
lesioned  hemisphere  exhibit  a  significantly  enhanced  effect  of  DA  (10  nM)  on  the  IQ 
for  [3H]-NT  binding  sites  compared  to  membranes  from  the  intact  side.6  These  data 
support  an  inhibitory  effect  of  DA  on  NT  neurotransmission,  perhaps  mediated  by 
an  intramembrane  feedback  loop  of  receptor-receptor  interactions.  Chronic  treat¬ 
ment  with  the  neuroleptic  haloperidol  enhances  NT  receptor  binding  in  the  substan¬ 
tia  nigra  of  the  human  (postmortem  tissue  from  patients  with  schizophrenia)  and  rat 
brain.18  Chronic  DA  receptor  blockade  leads  to  a  significant  increase  in  NT  receptor 
density  in  both  species.  The  predicted  increase  in  the  number  of  DA  receptors 
(particularly  the  D2  subtype)  was  also  seen.  Interestingly,  electron  microscopic 
analysis  revealed  an  increased  number  of  DA  terminals  in  animals  treated  with 
neuroleptics  that  positively  correlated  with  the  cellular  increase  in  the  number  of  NT 
receptors.19  These  results  give  further  support  to  the  idea  that  heteroregulatory  NT 
receptor-DA  receptor  interactions  exist  within  dopaminergic  neurons.  The  in¬ 
creased  density  of  NT  receptors  following  treatment  with  neuroleptics  could  lead  to 
increased  excitability  of  DA  cells  as  a  compensatory  response  to  the  effects  of  DA 
receptor  blockade. 


BEHAVIOR 

NT  produces  a  large  number  of  distinct  physiological  and  behavioral  effects  after 
systemic  and  central  administration.  As  examples,  the  systemic  administration  of  NT 
produces  hypotension,  hyperglycemia,  smooth  muscle  contraction,  and  inhibition  of 
gastric  acid  secretion.20  In  contrast,  after  intracerebroventricular  (i.c.v.)  administra¬ 
tion,  NT  potentiates  barbiturate-induced  sedation21  and  produces  hypothermia,22 
muscle  relaxation,23  antinociception,24  a  reduced  food  consumption,25  catalepsy,26 
alterations  in  locomotor  activity27  and  increased  serum  corticosterone.2  None  of 
these  effects  is  seen  after  intravenous  NT,  indicating  that  they  are  centrally  medi¬ 
ated.  Many  of  the  central  effects  of  NT  mimic  those  seen  after  administration  of 
neuroleptics,  and  considerable  data  now  exists  to  support  the  hypothesis  that  NT 
possesses  a  pharmacological  profile  similar  to  that  of  neuroleptics.  It  has  been 
proposed  that  NT  may  be  an  endogenous  neuroleptic-like  peptide.  Differences  in  the 
central  effects  of  NT  and  neuroleptics  do  exist.  For  instance,  an  increase  in  serum 
corticosterone  levels  was  not  seen  following  treatment  with  neuroleptics  and  al¬ 
though  NT  does  have  a  stimulatory  action  on  tuberoinfundibular  DA  neurons,  the 
increase  in  serum  corticosterone  does  not  seem  to  be  mediated  via  a  dopaminergic 
mechanism.2  The  dose  of  NT  needed  to  activate  DA  neurons  was  much  greater  than 
the  lowest  dose  producing  a  significant  increase  in  serum  corticosterone  levels,  an 
effect  that  was  not  blocked  with  haloperidol.2 

Like  systemically  administered  DA  antagonists,  i.c.v.  administration  of  NT 
attenuates  rat  locomotor  activity  induced  by  indirect-acting  DA  agonists.28  This 
behavioral  interaction  of  NT  with  brain  DA  systems  appears  to  be  selective  for 
mesolimbic  DA  projections.  Discrete  injection  of  NT  into  the  nucleus  accumbens, 
like  haloperidol,  blocked  d-amphetamine-induced  locomotor  behavior;29  injection  of 
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NT  into  the  caudate-putamen  did  not  antagonize  d-amphetamine-induced  stereo¬ 
typic  behavior,  although  haloperidol  was  potent  in  this  regard.  NT  has  also  been 
shown  to  antagonize  directly  the  effects  of  DA  in  the  mesolimbic  DA  system.  NT 
injection  either  i.c.v.  or  directly  into  the  nucleus  accumbens  produced  a  dose- 
dependent  reduction  in  both  locomotion  and  rearing  produced  by  intraaccumbal  DA 
injection.30  Neurotensin  (i.c.v.)  has  also  been  shown  to  block  hyperactivity  induced 
by  other  direct-acting  DA  receptor  agonists  such  as  n-propylnorapomorphine  and 
ADTN.31-27  These  data  support  the  view  that  NT  does  not  act  primarily  on  presynap- 
tic,  but  rather  on  postsynaptic  sites  of  DA  neurotransmission  in  the  nucleus 
accumbens.  Further  evidence  exists  to  support  the  multilevel  ability  of  NT  to 
modulate  selective  brain  DA  systems.  Bilateral  injection  of  NT  into  the  ventral 
tegmental  area  produces  a  dose-dependent  increase  in  locomotion  in  the  rat.-52  34 
This  effect  is  consistent  with  an  antagonism  by  NT  of  the  autoinhibitory  effects  of  DA 
released  from  dendrites.  Thus,  although  the  behavioral  effects  of  NT,  after  discrete 
injection  into  different  brain  regions,  would  seem  to  be  quite  different,  they  can  be 
explained  by  a  common  mechanism  of  interaction  with,  and  antagonism  of,  DA 
systems. 


ELECTROPHYSIOLOGY 

NT  has  been  shown  to  produce  an  increase  in  the  in  vitro  firing  rate  of  DA 
neurons  in  the  zona  compacta  of  the  substantia  nigra  and  VTA,35  while  exerting 
negligible  effects  on  nondopaminergic  neurons.36  In  vitro  studies  have  demonstrated 
a  linear  dose-response  curve  for  the  effect  of  NT  on  DA  cell  firing  rate,35,37  although 
doses  exceeding  approximately  300  nM  produced  a  decreased  firing  rate  followed  by 
cessation  of  measurable  activity.3538  The  C-terminal  peptide  fragment,  NT  8-13, 
possesses  similar  activity  to  NT,  whereas  direct  application  of  the  N-terminal 
fragments,  NT  1-8  and  NT  1-11,  produced  no  measurable  alteration  in  the  firing  rate 
of  dopaminergic  neurons  in  vitro.  Experiments  conducted  in  high-magnesium  and 
low-calcium  media  suggest  that  the  NT-induced  increase  in  neuronal  firing  occurs  via 
a  calcium-dependent  postsynaptic  mechanism.35  Initial  data,  both  in  vitro  and  in  vivo, 
showed  that  NT  attenuated  the  DA-induced  inhibition  of  firing  in  dopaminergic 
neurons.39  40  The  mechanism  of  action  of  this  effect  remains  unknown. 

The  effects  of  NT  on  neuronal  firing  rate  in  brain  areas  outside  the  mesencepha¬ 
lon  are  largely  unknown.  However,  a  small  number  of  studies  show  that  NT  increased 
the  firing  rate  of  individual  neurons  in  various  cortical  regions.41 ,4_  The  ability  of  NT 
to  depolarize  neurons  in  slice  preparations  of  medial  prefrontal  cortex  was  not 
affected  by  pretreatment  with  phentolamine,  propranolol,  sulpiride  or  fluphenazine. 
In  vitro  electrophysiological  studies  have  found  variable  effects  of  NT  on  hypotha¬ 
lamic  neurons.  The  direct  application  of  NT  to  preoptic-anterior  hypothalamic 
neurons  produced  a  significant  increase  in  firing  rate  that  persisted  in  a  low-calcium 
medium;43  44  however,  little  or  no  response  was  seen  when  NT  was  applied  to  arcuate 
nucleus  neurons.45  An  in  vivo  study  has  shown  a  significant  inhibitory  effect  of  NT  on 
the  firing  rate  of  neurons  within  the  rat  thalamus  and  a  variable  effect  on  neurons 
within  the  hippocampus.41 

The  electrophysiological  effects  of  acute  and  chronic  treatment  with  antipsy¬ 
chotic  drugs  on  midbrain  dopaminergic  neurons  have  been  extensively  studied.46 
Most  clinically  efficacious  antipsychotic  drugs  tested  increased  the  firing  rate  of 
dopaminergic  neurons  in  the  VTA  and  zona  compacta;47  repeated  administration 
induced  a  depolarization  inactivation  of  dopaminergic  neurons  in  the  VTA  and 
substantia  nigra.48-49  Bath  application  of  haloperidol  produces  an  attenuation  of  the 
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DA-induced  inhibition  of  firing  rate  in  the  substantia  nigra,50  whereas  no  effect  was 
seen  after  treatment  with  clozapine.51 

The  available  electrophysiological  data  are  in  good  agreement  with  neurochemi- 
cal  and  behavioral  studies  regarding  an  interaction  between  NT  and  dopaminergic 
systems.  The  actions  of  NT  appear  to  be  independent  of  other  neurotransmitter 
receptors  and  the  C-terminus  of  the  NT  molecule  is  essential  for  activity.  The 
electrophysiological  data  for  NT  are  remarkably  similar  to  those  produced  by 
antipsychotic  drugs  and  further  support  behavioral  and  electrophysiological  data 
suggesting  that  NT  may  be  an  endogenous  antipsychotic. 

STRUCTURE  AND  FUNCTION  OF  NEUROTENSIN  AND  DOPAMINE 
RECEPTORS— INTERACTIONS  AT  THE  LEVEL  OF  RECEPTOR 
SIGNAL  TRANSDUCTION  MECHANISMS 

Both  the  rat  and  human  NT  receptor  have  been  molecularly  cloned.  The  cloned 
rat  cDNA  encodes  a  424-amino-acid  peptide,52  whereas  the  human  cDNA  encodes  a 
putative  peptide  of  418  amino  acids  with  84%  homology  to  the  rat  NT  receptor.53  The 
inferred  membrane  topology  of  both  the  rat  and  human  NT  receptor  contains  seven 
transmembrane  segments,  suggesting  that  the  NT  receptor  represents  a  member  of 
the  superfamily  of  G-protein-coupled  receptors  that  includes  the  family  of  DA 
receptor  subtypes.54  Recent  investigations  of  the  properties  of  the  native  NT 
receptor,  as  well  as  NT  receptors  expressed  by  both  clonal  cell  lines  and  in 
transfected  cell  systems,  have  generated  a  greatly  improved  understanding  of  the 
functional  significance  and  variants  of  NT  receptors.  Both  autoradiographic  and  in 
situ  hybridization  histochemical  analyses  indicated  that  brain  NT  receptors  exhibit 
multiple  patterns  of  ontogenic  development  that  vary  greatly  between  brain  re¬ 
gions.55-56  NT  receptor  binding  sites  and  mRNA  in  the  rat  neocortex  demonstrated  a 
transient  expression  that  peaked  in  the  first  postnatal  week  and  declined  thereafter 
to  adult  levels.  A  second  pattern  of  binding  site  and  mRNA  expression  indicated  an 
initial  expression  in  late  prenatal  periods  with  a  gradual  development  to  adult  levels 
within  the  second  week  of  postnatal  life.  This  pattern  was  observed  in  the  DA  cell 
body  groups  of  the  ventral  mesencephalon,  the  diagonal  band,  substantia  innomi- 
nata,  suprachiasmatic  nucleus,  and  medial  habenular  nucleus.56  A  third  pattern  of 
ontogenic  expression  was  represented  by  postnatal  development  of  NT  receptor 
binding  sites  and  mRNA  with  a  gradual  small  decline  thereafter.  This  pattern  is 
apparent  in  the  developing  allocortex,  tenia  tecta,  and  hippocampus.  The  fact  that 
the  transient  expression  of  neocortical  NT  receptors  occurs  long  before  a  neural 
network  is  established  suggests  that  NT  may  play  an  important  role  in  the  develop¬ 
ment  of  the  neocortical  brain  structures  that  precedes  its  neurotransmitter-like  role 
in  the  adult  brain.  A  potentially  important  relevant  experiment  may  involve  the  use 
of  NT  receptor  antagonists  or  immunoinactivation  strategies  to  explore  the  trophic 
role  of  NT  in  the  development  of  the  dopaminergic  innervation  of  the  rat  neocortex. 

The  desensitization  of  the  NT  receptor  response  to  agonist  occupancy  by  the 
prolonged  exposure  to  NT  receptor  agonists  has  been  documented  in  multiple  cell 
systems  and  demonstrated  for  the  native  receptor.  The  decrease  in  receptor  number 
thought  to  underlie  NT  receptor  desensitization  is  mediated  by  a  putative  mecha¬ 
nism  of  NT  receptor  sequestration  in  response  to  prolonged  agonist  exposure.  An 
agonist-induced  decrease  in  cell  surface  NT  receptors  has  been  reported  in  clonal 
cell  lines57-58  and  in  primary  cultures  of  rodent  neurons.59  60  An  internalization  of  rat 
neostriatal  NT  receptors  and  NT  followed  by  their  retrograde  axonal  transport  in 
nigrostriatal  DA  neurons  has  been  reported  in  the  intact  rat  brain.61  These  results 
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support  the  possibility  that  NT  may  be  involved  in  modulating  the  function  of  DA 
neurons  at  intracellular  sites  (e.g.,  gene  expression)  with  long-term  actions.  Finally, 
pharmacological  studies  using  either  novel  NT  receptor  antagonists  (see  below)  or 
peptide  and  pseudo-peptide  NT  analogs62  support  the  concept  of  a  multiplicity  of  NT 
receptors.  Collectively,  the  results  of  these  studies  support  the  dissociation  of  the 
effects  of  NT  receptor  agonists  and  antagonists  on  the  hypothermic  or  analgesic 
effects  of  NT  and  the  modulatory  influences  of  NT  on  DA  neurons.  A  subtype  of  NT 
receptors  apparently  mediates  the  hypothermic  and  analgesic  responses  to  the 
peptide,  whereas  the  DA-releasing  effects  of  NT  appear  to  be  mediated  by  a  distinct 
NT  receptor  subtype  that  is  similar  to  the  cloned  high-affinity  rat  brain  NT  receptor. 
An  additional  level  of  functional  diversity  for  brain  NT  systems  is  provided  by  the 
demonstration  that  the  posttranslational  processing  of  the  NT / neuromedin  N  precur¬ 
sor,  a  169-residue  polypeptide  containing  one  copy  each  of  NT  and  neuromedin  N,  is 
differentially  processed  in  different  brain  regions.63 

The  regulation  by  both  NT  and  DA  receptors  of  G-protein-regulated  signal 
transduction  systems,  as  inferred  from  structural  and  functional  receptor  studies, 
supports  the  possibility  that  NT-DA  receptor  interactions  may  be  expressed  in  a 
brain  region-specific  pattern  at  the  level  of  post-receptor  signaling  pathways.  Indeed, 
it  was  demonstrated  in  clonal  cell  lines  and  transfected  cell  systems  that  NT  receptor 
occupancy  is  associated  with  alterations  in  the  intracellular  content  of  inositol 
phosphates,64  cyclic  AMP,65  cyclic  GMP,66  and  calcium.67  All  of  these  effector 
systems  were  shown  to  be  regulated  by  activation  of  members  of  the  DA  receptor 
family.  Although  the  NT  receptor  in  these  cell  lines  and  systems  appears  to  be 
pharmacologically  similar  to  the  native  brain  NT  receptor,  it  remains  unestablished 
as  to  whether  the  signal  transduction  mechanisms  for  the  NT  receptor  in  these  model 
cell  systems  accurately  model  mechanisms  of  transmembrane  signaling  for  brain  NT 
receptors.  Relatively  few  studies  have  investigated  these  signaling  pathways  associ¬ 
ated  with  brain  NT  receptors,68-69  with  no  systematic  studies  having  been  performed. 

Our  group  has  investigated  the  coupling  of  rat  brain  NT  receptors  with  the 
adenylate  cyclase  second  messenger  system  and  the  possible  interaction  between 
brain  NT  and  DA  receptors  at  the  level  of  this  transduction  cascade  (Table  1).  The 
literature  regarding  the  coupling  of  the  NT  receptor  with  cyclic  AMP  formation  in 
model  cell  systems  is  at  the  same  time  both  consistent  and  conflicting.  The  NT 
receptor  expressed  by  neuroblastoma  N1E115  cells  mediates  an  inhibition  of  cyclic 
AMP  formation,70-71  whereas  the  cloned  NT  receptor  expressed  in  mammalian  cells72 
or  Chinese  hamster  ovary  (CHO)  cells73  mediates  a  stimulation  of  cAMP  formation. 
The  present  attempt  to  characterize  the  coupling  between  rat  brain  NT  receptors 
and  cyclic  AMP  formation  examined  the  effects  of  NT  on  cyclic  AMP  efflux  from 
superfused  slice  preparations  of  the  rat  neostriatum  or  amygdaloid  complex.  The 
selection  of  a  brain  slice  preparation  (i.e.,  1.0  x  0.4  x  0.4  mm  dimensions)  for  these 
studies  was  based  on  the  observation  that  neuropeptide  receptor-effector  coupling 
has  been  demonstrated  to  be  dependent  on  or  best  demonstrated  using  intact  cell 
versus  homogenate  preparations.  Also,  this  preparation,  in  contrast  to  cell-free  brain 
homogenates,  represents  an  attempt  to  replicate  for  the  intact  rat  brain  NT  receptor 
the  results  of  investigations  of  NT  receptor-adenylate  cyclase  coupling  in  clonal  cell 
lines  and  transfected  cell  systems  expressing  the  NT  receptor.  The  amygdaloid 
complex  was  selected  for  the  study  of  NT  receptor  coupling  with  the  adenylate 
cyclase  second  messenger  system  because  it  contains  a  high  concentration  of  NT  as 
well  as  NT-immunopositive  cells  and  fibers,  with  both  markers  relatively  high  or 
dense  in  the  central  amygdaloid  nucleus.74  The  rat  amygdaloid  complex  also  contains 
a  moderate-to-high  density  of  [125I]  Tyr3-NT  binding  sites.75 

The  effect  of  NT  on  the  efflux  of  cyclic  AMP  from  the  rat  amygdaloid  complex 
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table  i.  Effect  of  Neurotensin  on  Cyclic  AMP  Efflux  from  the  Rat  Amygdaloid 


Complex  and  Caudate-Putamen 


Treatment 

Cyclic  AMP  Efflux  (%  of  basal) 

Amygdaloid  Complex 

Caudate-Putamen 

NT  (0.3) 

95  ±  6 

103  ±  5 

NT  (3) 

84  ±  4 

109  ±  7 

Forskolin  (10) 

283  ±  28 

— 

+  NT  (0.3) 

221  ±  14° 

— 

Forskolin  (10) 

322  ±  51 

561  ±  66 

+  NT  (3) 

385  ±  40 

663  ±  79 

PGE,  (30) 

285  ±  15 

— 

+  NT  (3) 

331  ±  18 

— 

Isoproterenol  (3) 

226  ±  15 

— 

+  NT  (3) 

208  ±  18 

— 

DA  (50)  +  Sulp  (30) 

— 

189  ±  18 

+  NT  (0.3) 

— 

173  ±  12 

+  NT  (3) 

— 

138  ±  llfl 

Note:  Values  represent  determinations  ( n  =  5-8)  for  5-,  7.5-  or  15-min  periods  of 
superfusion.  Numbers  in  parentheses  represent  drug  concentrations  (pM).  Sulp,  sulpiride. 
ap  <  0.05. 


and  caudate-putamen  was  assessed  under  both  basal  conditions  as  well  as  receptor 
and  non-receptor-mediated  increases  in  cyclic  AMP  efflux.  Superfusion  of  minced 
slice  preparations  of  the  amygdaloid  complex  or  caudate  nucleus  with  NT-containing 
buffer  did  not  affect  significantly  the  efflux  of  cyclic  AMP  from  either  region 
compared  to  efflux  assessed  in  the  absence  of  NT  (Table  1).  In  contrast  to  the  effects 
of  NT  on  cyclic  AMP  efflux  from  neuroblastoma  cells  expressing  NT  receptors,70  71 
the  forskolin-induced  increase  in  cyclic  AMP  efflux  from  the  amygdaloid  complex  or 
caudate-putamen  was  not  consistently  altered  by  NT.  The  inhibitory  effect  of  0.3  but 
not  3  pM  NT  on  forskolin-stimulated  amygdaloid  cyclic  AMP  efflux  suggests  a 
coupling  of  the  high-affinity  NT  receptor  with  amygdaloid  adenylate  cyclase.  The 
possible  dependence  of  NT— adenylate  cyclase  coupling  on  the  interaction  with 
specific  receptor  types  was  assessed  for  prostoglandin  Ej  (PGEi),  (3-adrenergic 
receptor,  or  D1  DA  receptor-stimulated  cyclic  AMP  efflux.  NT  did  not  affect  the 
PGEr  or  isoproterenol-induced  increase  in  amygdaloid  cyclic  AMP  efflux.  NT  did, 
however,  produce  a  concentration-dependent  decrease  in  the  Dt  receptor-induced 
increase  in  cyclic  AMP  efflux  from  the  caudate-putamen.  NT-DA  receptor  interac¬ 
tions  on  cyclic  AMP  formation  were  not  assessed  in  the  amygdaloid  complex  as 
amygdaloid  DA  receptors  are  not  coupled  to  adenylate  cyclase.  The  results 
obtained  in  rat  brain  slice  preparations  are  consistent  with  a  role  for  effectors  other 
than  adenylate  cyclase  in  the  transduction  of  amygdaloid  NT  receptor  signals  in  the 
rat  brain.  Results  obtained  using  experimental  controls  indicate  that  these  negative 
findings  are  not  attributable  to  the  degradation  of  NT  during  the  course  of  superfu¬ 
sion,  an  agonist-induced  desensitization  of  NT-receptor  function  (see  above),  or  the 
interaction  of  NT  with  levocabastine-sensitive  binding  sites.  These  results  do, 
however,  support  an  inhibitory  influence  of  the  rat  striatal  NT  receptor  on  transmem¬ 
brane  signaling  for  the  striatal  D!  DA  receptor.  These  latter  findings  are  consistent 
with  a  G-protein-mediated  effect  of  NT  on  the  agonist  affinity  state  of  the  striatal  D, 
DA  receptor.76  These  results  also  highlight  the  conclusion  that  the  generalization  of 
receptor  effects  from  clonal  cell  lines  or  transfected  cell  systems  to  receptor 
physiology  in  the  intact  central  nervous  system  must  await  the  generation  of  direct 
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supporting  evidence.  Experiments  using  primary  neuronal  cultures  may  be  of  value 
in  bridging  results  from  model  cell  systems  and  brain  preparations. 


EFFECT  OF  ANTIPSYCHOTICS  ON  BRAIN  NEUROTENSIN 
CONTENT  AND  GENE  EXPRESSION 

It  is  increasingly  apparent  that  alterations  in  DA  mechanisms  represent  insuffi¬ 
cient  explanations  of  the  pathophysiology  or  pharmacotherapy  of  schizophrenia.  The 
similarities  between  the  pharmacological  effects  of  antipsychotics  and  the  central 
effects  of  NT  (see  above)  suggest  that  NT  may  represent  an  important  element  of  the 
final  common  pathway  of  the  mechanisms  of  action  of  antipsychotic  drugs.  Govoni 
and  co-workers77  initially  reported  an  increase  in  NT-like  immunoreactivity  (NT-LI) 
in  selective  areas  of  the  rat  brain  after  treatment  with  neuroleptics.  An  increase  in 
NT-LI  in  the  rat  nucleus  accumbens  and  striatum  was  observed  following  chronic  or 
acute  treatment  with  haloperidol,  chlorpromazine,  trifluoperazine  or  pimozide.  No 
drug-induced  changes  in  the  concentration  of  NT-LI  in  areas  of  the  brain  such  as  the 
hypothalamus  and  amygdala  were  observed.  A  subsequent  preclinical  study  ex¬ 
panded  the  investigation  of  the  effects  of  antipsychotic  drugs  on  brain  NT  systems  by 
an  enhanced  anatomical  resolution  of  drug  effects  and  the  determination  of  the 
comparative  effects  on  NT-LI  of  a  neuroleptic  and  an  atypical  antipsychotic  agent.74 
The  prolonged  (14  days)  intraperitoneal  administration  of  haloperidol  or  clozapine 
did  not  affect  the  content  of  NT-LI  in  the  great  majority  of  the  38  rat  brain  nuclei  or 
areas  examined.  However,  there  was  a  differential  effect  of  the  two  antipsychotics  in 
the  caudate-putamen,  with  haloperidol,  but  not  clozapine,  increasing  the  concentra¬ 
tion  of  NT-LI  drugs  (Fig.  1).  Both  compounds  increased  NT-LI  in  the  nucleus 


NT-LI  (pg/mg  protein) 


veh  hal  cloz 


FIGURE  1.  Effect  of  treatment  (14  days,  i.p.)  with  0.3%  tartaric  acid  (veh),  haloperidol  (hal,  1 
mg/kg)  or  clozapine  (cloz,  20  mg/kg)  on  neurotensin-like  immunoreactivity  (NT-LI)  in  the 
dorsolateral  caudate  (open  bars)  or  the  nucleus  accumbens  (closed  bars).  Results  represent  the 
mean  (±  SEM)  of  8  animals  per  group.  *p  <  0.05  compared  to  vehicle-treated  rats. 
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accumbens  (Fig.  1).  The  administration  of  both  drugs  also  produced  significant 
decreases  in  NT-LI  in  the  medial  prefrontal  cortex  and  bed  nucleus  of  the  stria 
terminalis.  The  brain  region-  and  drug-specific  effects  of  haloperidol  and  clozapine 
implicate  distinct  NT  systems  in  the  therapeutic  as  well  as  motor  side  effects  of 
antipsychotic  drugs.  The  findings  of  a  study  by  Radke  and  co-workers,78  consistent 
with  the  nontolerating  therapeutic  effects  of  haloperidol,  showed  that  long-term  (8 
months)  oral  administration  of  haloperidol  produced  an  enduring  increase  in  NT-LI 
in  the  rat  nucleus  accumbens  similar  to  that  observed  following  3  weeks  of  drug 
administration.  Data  also  indicated  that  drug-induced  alterations  in  NT  concentra¬ 
tions  in  the  rat  brain  represent  a  specific  response  to  antipsychotic  drugs.  Acute 
(single  injection)  or  repeated  treatment  (3  weeks)  with  drugs  from  other  major 
neuroactive  groups,  such  as  tricyclic  antidepressants  (desipramine),  anxiolytics  (chlor- 
diazepoxide),  and  HI  histamine  receptor  antagonists  (diphenhydramine),  did  not 
alter  rat  striatal  NT-LI.79  The  drug-induced  changes  in  brain  regional  NT  concentra¬ 
tions  also  vary  in  response  to  different  atypical  antipsychotics.  For  example,  the 
atypical  antipsychotic  drugs  sulpiride  and  rimcazole,  in  contrast  to  clozapine,  do 
produce  significant  increases  of  NT-LI  in  the  caudate  nucleus,  but  not  in  the  nucleus 
accumbens.80  These  data  further  suggest  that  brain  region-specific  changes  in  NT 
may  be  related  to  the  distinct  therapeutic  and  side  effect  profiles  of  different 
antipsychotics.  Although  a  direct  effect  of  treatment  with  antipsychotics  on  the 
central  NT  system  has  not  been  demonstrated  in  man,  a  normalization  of  the 
subnormal  cerebrospinal  fluid  concentrations  of  NT  in  a  subgroup  of  drug-free 
schizophrenics  was  noted  after  a  course  of  treatment  with  antipsychotics.81  Subse¬ 
quent  clinical  studies  have  largely  confirmed  and  extended  these  findings.82 

Although  a  large  amount  of  accumulated  evidence  supports  brain  region-specific 
and  drug  dose-dependent  changes  in  NT  content  in  response  to  antipsychotic  drug 
treatment,  the  mechanisms  underlying  these  drug  effects  are  not  known.  Over  the 
past  five  years,  Merchant  and  co-workers  have  extensively  examined  the  effects  of  the 
typical  neuroleptic  haloperidol  and  the  atypical  antipsychotic  clozapine  on  striatal 
NT  gene  expression  in  the  rat  brain.  A  single  dose  of  haloperidol  rapidly  (within  30 
min)  increased  the  expression  of  NT/N  mRNA  in  the  dorsolateral  striatum,  whereas 
clozapine  produced  virtually  no  effect.83  The  maximal  effect  of  haloperidol  was  seen 
at  7  h  postinjection,  at  which  time  the  levels  of  NT/N  mRNA  were  an  order  of 
magnitude  higher  than  those  of  controls.  A  small  but  significant  increase  in  NT/N 
mRNA  was  seen  in  the  shell  of  the  nucleus  accumbens  after  treatment  with  either 
haloperidol  or  clozapine.83  These  data  support  further  the  possibility  that  NT 
neurons  in  the  nucleus  accumbens  may  in  part  mediate  the  therapeutic  effects 
common  to  diverse  antipsychotics,  whereas  NT  neurons  in  the  caudate -putamen  may 
be  involved  in  mediating  the  motor  side  effects  of  neuroleptics.  Consistent  with  this 
theme,  Merchant  and  Dorsa84  also  showed  that  drug-induced  increases  in  the  level  of 
NT/N  mRNA  within  the  caudate  nucleus  were  specific  to  neuroleptic  antipsychotics 
(haloperidol,  fluphenazine),  whereas  increases  in  the  nucleus  accumbens  occurred 
after  treatment  with  either  neuroleptic  or  atypical  antipsychotics  (haloperidol, 
fluphenazine,  clozapine,  remoxipride,  and  thioridazine).  Interestingly,  they  also 
showed  that  drug-induced  increases  in  NT/N  mRNA  expression  in  the  dorsolateral 
striatum  in  response  to  acute  treatment  with  antipsychotics  were  preceded  by  a  rapid 
and  transient  increase  in  c-fos  mRNA.84  None  of  the  antipsychotics  affected  c-fos 
mRNA  in  the  nucleus  accumbens.  A  c-fos  antisense  oligonucleotide  specifically 
attenuated  the  haloperidol-induced  increase  in  NT/N  mRNA  expression,  suggesting 
that  an  activation  of  c-fos  expression  is  essential  for  the  effect  of  haloperidol  on 
NT/N  mRNA.85  These  data  suggest  mechanistic  differences  in  the  effects  of  antipsy¬ 
chotics  on  discrete  NT  systems. 
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Maximal  therapeutic  benefit  of  antipsychotics  is  derived  following  prolonged 
drug  administration,  so  an  effect  of  chronic,  rather  than  acute,  antipsychotic  treat¬ 
ment  on  NT/N  mRNA  would  be  of  greater  clinical  relevance.  An  initial  repeated 
dosing  study  showed  an  increase  in  NT  receptor  mRNA  in  the  rat  substantia  nigra 
after  treatment  with  haloperidol  (2  weeks),  but  showed  no  effect  after  treatment  with 
clozapine.86  An  increase  in  NT/N  mRNA  in  the  rat  caudate  nucleus  has  been  shown 
following  28  days  of  continuous  haloperidol  administration,  but  not  following  chronic 
clozapine  treatment.87  However,  this  drug  response  was  only  half  that  caused  by 
acute  haloperidol  administration.  Increases  in  NT/N  mRNA,  of  similar  magnitude 
to  the  effect  of  acute  drug  treatments,  were  seen  in  the  nucleus  accumbens  after 
chronic  treatment  with  haloperidol  or  clozapine.87 

All  of  the  data  collected  to  date  investigating  the  effect  of  antipsychotics  on 
NT/N  mRNA  demonstrate  a  region-specific  pattern  of  effects  on  NT/N  mRNA 
which  discriminates  between  neuroleptic  and  atypical  antipsychotics.  Effects  in  the 
limbic  sector  of  the  neostriatum  would  seem  more  likely  to  be  involved  with 
therapeutic  effects  of  antipsychotics,  and  NT/N  gene  induction  in  the  motor  striatal 
regions  may  indicate  cellular  events  associated  with  motor  side  effects  of  neurolep¬ 
tics.  However,  a  direct  functional  connection  has  not  yet  been  shown  between 
regional  changes  in  NT/N  mRNA  expression  and  antipsychotic  drug  efficacy  or  side 
effect  profile. 


ROLE  FOR  ENDOGENOUS  CENTRAL  NEUROTENSIN  IN  ATTENTIVE 
FUNCTIONS  SENSITIVE  TO  ANTIPSYCHOTIC  DRUGS 
AND  SCHIZOPHRENIA 

The  lack  of  selective,  potent  nonpeptide  NT  receptor  antagonists  has  delayed  the 
clarification  of  the  neurophysiology  and  pharmacology  of  NT.  SR48692  (2-[(l-(7- 
chloro-4-quinolinyl)-5-(2,6-dimethoxyphenyl)  pyrazol-3-yl)  carbinylamino]  tricyclo 
(3.3.1.13.7)  decan-2-carboxylic  acid)  was  recently  proposed  as  the  first  selective, 
high-affinity  nonpeptide  NT  receptor  antagonist.  Initial  in  vitro  data  showed  SR48692 
had  a  high  affinity  and  selectivity  for  a  wide  range  of  mammalian  brain  NT 
receptors.88  SR48692  also  had  affinity  for  peripheral  NT  receptors,  inhibiting  the 
increase  in  blood  pressure  induced  by  exogenous  NT  in  the  anesthetized  guinea-pig 
and  potently  antagonizing  the  tachycardia  and  inotropic  responses  induced  by  NT  in 
the  isolated  guinea-pig  atria.89  Few  experiments  have  been  carried  out  with  SR48692 
in  vivo,  in  part  due  to  the  limited  solubility  of  the  compound  in  physiological 
solutions.  However,  SR48692  has  been  shown  to  be  active  in  vivo,  inhibiting  the 
turning  behavior  in  the  mouse  induced  by  intrastriatal  NT  after  both  i.v.  and  oral 
administration.88  These  initial  data  suggested  that  SR48692  may  be  a  useful  tool  for 
investigating  the  interactions  between  endogenous  NT  and  central  dopaminergic 
pathways.  In  striatal  slices  the  increase  in  potassium-evoked  [3H]-DA  release  in¬ 
duced  by  NT  was  antagonized  by  SR48692.  However,  Steinberg  and  co-workers90 
showed  that  the  increase  in  DA  metabolism  in  the  VTA  following  intra-VTA 
microinjection  of  NT  was  not  antagonized  by  SR48692.  Using  in  vivo  voltammetric 
techniques,  they  also  found  no  effect  of  SR48692  on  the  increased  release  of  DA  in 
the  nucleus  accumbens  evoked  by  NT  injected  into  the  VTA.  The  lack  of  effect  of 
SR48692  in  these  two  studies  highlights  a  complexity  of  NT  interactions  with  brain 
DA  systems  and  suggests  a  NT  receptor  heterogeneity.  Further  evidence  for  NT 
receptor  subtypes  was  provided  by  the  demonstration  that  SR48692  failed  to 
antagonize  NT-induced  hypothermia  in  the  rat  or  mouse.90 

Our  group  has  an  ongoing  research  interest  in  latent  inhibition  (LI)  paradigms  as 


386 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


FIGURE  2.  Effect  of  the  NT  receptor  antagonist 
SR48692  (dose  jxg/kg)  on  the  latent  inhibition  (LI) 
of  condition  response  suppression  by  stimulus  pre¬ 
exposure.  Groups  of  animals  receiving  20  preexpo¬ 
sures  to  the  to-be-conditioned  stimulus  (filled 
circles )  were  compared  to  non-preexposed  rats  ( open 
circles).  Results  represent  the  mean  (±  SEM)  of 
6-12  animals  per  group. 


animal  behavioral  models  of  stimulus  filtering/attentional  brain  functions  sensitive 
to  schizophrenia  and  targets  of  the  therapeutic  actions  of  antipsychotic  drugs.91  LI 
represents  the  negative  impact  of  preexposure  to  a  neutral  stimulus  on  the  subse¬ 
quent  ability  of  that  stimulus  to  serve  as  a  conditioned  stimulus.  In  order  to  evaluate 
the  antipsychotic  potential  of  endogenous  NT,  we  examined  the  effects  of  SR48692 
on  LI  of  a  conditioned  response  by  stimulus  preexposures.  We  hypothesized  that 
SR48692  would  produce  an  opposite  pharmacology  to  that  observed  for  haloperidol 
and  other  antipsychotics.  Our  initial  results  (Fig.  2)  confirmed  this  hypothesis  by 
demonstrating  a  dose-related  inhibition  of  LI  by  SR48692,  in  contrast  to  the  increase 
in  suppression  ratio  seen  with  haloperidol.  These  data  suggest  that  NT  is  recruited  in 
the  expression  of  LI  and  provide  further  support  for  NT  as  an  endogenous  antipsy¬ 
chotic. 
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Chemical  neurotransmission  can  be  categorized  by  its  major  features.  Temporally, 
one  can  compare  fast  versus  slow  neurotransmission;  the  former  occurs  over  a  time 
course  of  milliseconds  whereas  the  latter  ranges  from  seconds  to  minutes  in  time 
course.  Chemical  neurotransmission  can  also  be  divided  by  the  structural  arrange¬ 
ment  of  its  neurotransmitter  delivery  system,  that  is,  synaptic  versus  nonsynaptic 
arrangements.  Synaptic  transmission  is  a  highly  compartmentalized  form  of  intercel¬ 
lular  communication  in  that  the  site  of  release  of  a  transmitter  is  separated  by  only  30 
nm  from  receptors  on  the  postsynaptic  membrane.  Nonsynaptic  neurotransmission, 
in  contrast,  is  less  confined  in  that  a  transmitter  is  released  and  must  diffuse  through 
a  significantly  greater  volume  of  extracellular  space  than  the  synaptic  cleft  before 
encountering  its  receptor.1-2 

Nonsynaptic  neurotransmission  is  now  thought  to  be  an  important  phenomenon 
because  histochemical  studies  of  the  distribution  of  neurotransmitters  and  their 
receptors  have  repeatedly  discovered  widespread  “mismatches”  in  the  spatial  rela¬ 
tionships  of  transmitters  and  receptors.3-4  Because  of  the  limitations  of  histochemical 
methods,  these  assessments  of  the  mismatch  problem  have  been  indirect  and 
inferential.  Developments  outlined  below  have,  for  the  first  time,  enabled  the  direct 
examination  of  the  spatial  relationship  between  a  neuropeptide  and  its  receptor.5-9 

Peptidergic  neurotransmission  appears  to  be  accomplished  by  slow,  nonsynaptic 
mechanisms.10-11  The  cloning  of  receptors  for  neuropeptides  has  contributed  impor- 
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tantly  to  our  understanding  of  signal  transduction  for  this  class  of  neurotransmitters. 
The  first  of  the  neuropeptide  receptors  to  be  cloned  were  the  tachykinin  recep¬ 
tors12-13  and  the  receptor  for  neurotensin,14  but  several  other  families  have  been 
subsequently  cloned.  Cloning  of  these  receptors  has  been  satisfying  in  several 
regards,  not  the  least  of  which  was  to  establish  that  they  are  indeed  members  of  the 
seven-transmembrane,  G-protein-coupled  family  of  receptors. 

In  addition,  the  cloning  of  neuropeptide  receptors  has  allowed  significant  ad¬ 
vances  in  our  understanding  of  the  deployment  of  these  receptors  by  neurons  to 
mediate  the  actions  of  neuropeptides.  First,  in  situ  hybridization  studies  have 
permitted  the  identification  of  the  cells  that  express  a  given,  cloned  receptor.15 
Second,  the  ability  to  produce  antibodies  to  portions  of  the  predicted  primaiy 
structure  of  cloned  receptors5-8,16  and  to  use  these  antibodies  in  immunocytochemi- 
cal  studies  has  allowed  a  determination  of  the  targeting  of  the  receptor  to  pre-  or 
postsynaptic  sites  and  also  of  the  spatial  relationship  between  the  receptor  and  nerve 
terminals  that  contain  its  ligand.5-9  Such  findings  have  helped  to  advance  our 
understanding  of  the  nature  of  peptidergic  neurotransmission;  this  point  serves  as 
the  focus  of  this  review.  Because  of  the  relative  infancy  of  this  field  of  inquiry,  most  of 
the  data  reviewed  herein  will  be  from  the  family  of  opioid  receptors,  which  have  been 
the  focus  of  studies  in  the  authors’  laboratories. 


TECHNICAL  CONSIDERATIONS 

Prior  to  the  cloning  of  receptors  for  neuropeptides,  the  various  methods  of 
ligand-binding  autoradiography  provided  the  only  histochemical  method  capable  of 
revealing  the  distribution  of  these  receptors.17-20  Much  was  learned  concerning  the 
regional  occurrence  of  neuropeptide  receptors  by  autoradiography,  including  the 
conclusion  that  in  many  instances  a  spatial  mismatch  occurs  between  a  given 
receptor  and  nerve  terminals  containing  a  ligand  for  this  receptor.  Although  some 
investigators  resorted  to  heroic  measures,21-22  in  general,  the  autoradiographic 
methods  were  limited  in  several  aspects:  First,  it  was  difficult  to  draw  conclusions 
directly  concerning  the  pre-  versus  postsynaptic  nature  of  a  receptor.  Second, 
limitations  in  resolution  precluded  determination  of  whether  a  localized  receptor 
was  in  the  plasma  membrane  or  in  an  intracellular  compartment.  Third,  ligand¬ 
binding  autoradiographic  methods  were  not  capable  of  revealing  the  distribution  of 
receptors  per  se,  but  rather  the  distribution  of  binding  sites.  Although  it  was  possible 
to  control  incubation  conditions  so  as  to  maximize  the  likelihood  that  binding  sites 
were  indeed  associated  with  receptors,  it  was  unclear  whether  the  correlation  was 
perfect. 

The  cloning  of  neuropeptide  receptors  made  possible  the  application  of  tech¬ 
niques  that  could  complement  and  at  least  partially  overcome  the  limitations  of 
ligand-binding  autoradiography.  That  is,  knowledge  of  the  sequence  of  mRNA 
encoding  a  receptor  makes  possible  the  localization  of  transcripts  for  that  receptor 
by  in  situ  hybridization,  while  the  predicted  primary  structure  of  the  receptor  protein 
allows  the  development  of  antibodies  capable  of  recognizing  the  receptor  protein 
using  immunocytochemical  methods. 


In  Situ  Hybridization 

In  situ  hybridization  methods  for  localization  of  neuropeptide  receptor  mRNA 
are  not  different  than  those  for  other  transcripts,  except  that  the  abundance  of  most 
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neuropeptide  receptor  transcripts  is  low.  Thus,  successful  localizations  of  neuropep¬ 
tide  receptor  transcripts  were  initially  reported  using  a  cocktail  of  several  radiola¬ 
beled  oligonucleotides.15  Since  then  riboprobe-based  in  situ  hybridization  has  been 
found  to  be  generally  useful  for  detection  of  transcripts  that  encode  neuropeptide 
receptors.23-28  These  studies  have  been  important  in  that  they  have  identified  the 
neurons  whose  activity  might  be  modulated  by  a  given  neuropeptide. 


Immunocytochemistry 

The  deduced  amino  acid  sequence  of  neuropeptide  receptors  that  resulted  from 
cloning  made  possible  the  construction  of  immunogens  (either  fusion  proteins  or  the 
synthesis  of  peptide  fragments)  for  the  purpose  of  creating  antibodies  useful  for  the 
localization  of  the  receptor  protein.5’6’8-9  We  used  standard  algorithms  for  predicting 
regions  of  the  protein  sequence  that  might  be  particularly  hydrophilic  and  antigeni- 
cally  prominent  (MacVector  4.1.4,  Kodak).  Peptides  representing  these  regions 
(Table  1),  ranging  in  length  from  15  to  18  amino  acids,  were  synthesized  by 
solid-phase  methods,  coupled  to  carrier  proteins,  and  injected  into  rats  and  rabbits 
with  only  minor  modifications  from  those  used  originally  for  the  opioid  peptides.29 
After  boosting,  sera  were  screened  on  sections  of  brain  and  spinal  cord,  and  on 
COS-7  cells  electroporated  with  native,  as  well  as  epitope-tagged  constructs3031  of 
the  cloned  S,  |x,  and  k  opioid  receptors  (DOR1,32-33  MORI,34-36  and  KORl,27-37^10 
respectively).  Sera  were  selected  for  further  study  if  the  staining  of  these  prepara¬ 
tions  was  blocked  by  treatment  of  the  sera  with  the  peptide  that  was  used  for 
immunization.  Shorter,  overlapping  peptides  from  within  the  sequences  used  for 
immunization  were  used  in  additional  blocking  studies  to  determine  the  epitope 
recognized  by  the  antisera  (Table  1).  Antisera  were  also  tested  for  their  ability  to 
identify  opioid  receptors  as  determined  using  immunoblotting  and  immunoaffinity 
purification.6'7’41  In  some  cases  it  was  also  possible  to  compare  the  ability  of  antisera 
raised  to  peptides  from  different  portions  of  a  given  receptor  to  recognize  their 
cognate  receptor  in  immunoblotting  and  immunofluorescence  procedures.5  Finally, 
it  has  been  possible  to  compare  immunofluorescent  localizations  of  the  opioid 
receptors  with  corresponding  localizations  of  transcripts  for  those  receptors  (i.e., 
using  in  situ  hybridization)6’41  and  with  ligand-binding  autoradiographic  images  from 
the  literature.  Taken  together,  the  results  of  these  characterization  studies  strongly 
suggest  that  the  antisera  (Table  1)  are  highly  selective  for  each  receptor.  In  most 
cases,  similarities  of  amino  acid  sequences  within  the  regions  selected  for  immuniza¬ 
tion  were  apparent  across  species  (Table  2),  a  feature  that  has  allowed  the  use  of 
these  antisera  in  brains  of  rodents  and  primates. 


RESULTS  AND  DISCUSSION 

A  comprehensive  account  of  the  distribution  of  the  cloned  opioid  receptors  is 
beyond  the  scope  of  this  review.  However,  localizations  from  several  regions  serve  to 
represent  the  concepts  that  have  emerged  from  observations  throughout  the  central 
nervous  system  (CNS). 


Primary  Afferent  Neurons  and  Spinal  Cord 

The  superficial  portion  of  the  dorsal  horn  of  the  spinal  cord  contains  terminals  of 
fine-caliber  myelinated  and  unmyelinated  axons  of  primary  afferent  neurons,  some 
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of  which  mediate  nociception.  Early  studies  on  the  localization  of  opioid  receptors  by 
autoradiographic  methods  determined  this  to  be  a  region  highly  enriched  in  opioid 
receptors18-19-42  and  that  a  significant  fraction  of  these  receptors  were  presynaptic  in 
nature  and  resided  on  terminals  of  primary  afferent  neurons.42  Localization  of 
DOR1  by  immunocytochemical  means  confirmed  this  idea  (Fig.  1C  and  D)5-7  and 
established  that  this  receptor  is  exclusively  presynaptic  in  this  and  many  other 
regions  of  the  CNS.  Localization  of  MORI  by  immunocytochemistry  (Fig.  1A  and  B) 
has  demonstrated  that  this  receptor  is  frequently  presynaptic  in  the  superficial  dorsal 
horn,  is  expressed  by  primary  afferent  neurons,  and  coexists  in  some  of  these  neurons 
with  DORl-ir.6  However,  MORl-ir  is  also  found  in  membranes  of  neuronal  peri- 
karya  and  dendrites  within  the  superficial  dorsal  horn  (Fig.  IB).  The  cloned  KOR1  is 
similar  to  the  DOR1  in  that  it  is  prominent  in  a  subset  of  small-  and  intermediate- 
diameter  perikarya  in  dorsal  root  ganglia  (not  shown)  and  in  nerve  terminals  in  the 
superficial  dorsal  horn  (Fig.  IE  and  F).41  It  also  resembles  MORI  in  that  it  is  found 
as  a  postsynaptic  receptor  on  some  neurons  in  the  superficial  dorsal  horn  (Fig.  IF). 
Interestingly,  both  enkephalin  (ENK)-  and  preprodynorphin  (ppDYN)-ir  are  found 
in  axons  and  terminals  in  close  proximity  to  DOR1,  MORI,  and  KOR1  (Fig.  IB,  B'; 
D,  D';  and  F,  F').  Although  these  represent  close  appositions,  it  does  not  imply  that 
these  relations  are  truly  synaptic,  because,  in  the  case  of  the  presynaptic  opioid 
receptors  on  CGRP-positive  primary  afferent  terminals,  little  evidence  exists  that 
such  terminals  receive  axo-axonic  synapses.43  Furthermore,  these  opioid  receptors 
are  unlikely  to  be  autoreceptors,  because  coexistence  of  any  of  these  pairs  of  opioid 
ligands  and  receptors  is  very  rare. 


Locus  Coeruleus 

Neurons  of  the  locus  coeruleus  express  MORI  mRNA  and  target  the  resultant 
protein  to  the  plasma  membrane  of  their  cell  bodies  and  dendrites  (Fig.  2A  and  B6). 
Although  the  density  of  MORl-ir  is  great  in  the  neuropil  of  locus  coeruleus,  ENK-ir 
is  present  in  nerve  fibers  and  terminals  in  substantially  smaller  quantities  than 
MORl-ir  (Fig.  2B  and  B').  DORl-ir  is  also  present  in  locus  coeruleus,  but,  as  in  the 
spinal  cord,  is  restricted  to  nerve  fibers  and  terminals  (Fig.  2C  and  D)  where  it 
presumably  acts  in  a  presynaptic  manner.  Again,  as  in  spinal  cord,  ENK-ir  is  present 
in  axons  and  terminals  in  close  proximity  to  DORl-ir  (Fig.  2D  and  D'),  but  DOR1  is 
unlikely  to  be  an  autoreceptor  because  DOR1-  and  ENK-ir  were  not  found  to 
coexist. 


Interpeduncular  Nucleus 

Nerve  fibers  and  teriminals  in  the  interpeduncular  nuclei  display  complementary 
patterns  of  ENK-  and  DORl-ir  (Fig.  3A  and  B;  Lee  et  al.,  in  preparation).  The 
lateral  portion  of  the  nucleus  contains  a  dense  network  of  axons  with  DORl-ir  and 
almost  no  ENK-ir  (Fig.  3A),  whereas  the  converse  relationship  exists  in  the 
neighboring  region  (Fig.  3B).  Similar,  complementary  patterns  of  staining  have  been 
observed  in  many  brain  regions,  and  they  suggest  that  this  orderly,  spatial  mismatch 
of  opioid  peptides  and  their  receptors  reflects  a  form  of  internuclear,  nonsynaptic 
neurotransmission. 
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FIGURE  1.  Distribution  of  opioid  receptors  and  their  putative  endogenous  ligands  in  the 
superficial  dorsal  horn  as  viewed  with  laser  scanning  confocal  microscopy.  Immunofluorescence 
images  of  coronal  sections  of  the  adult  rat  dorsal  horn  single  stained  with  rabbit  anti-p-opioid 
receptor  (MORI;  A)  or  rabbit  anti-8-opioid  receptor  (DOR1;  C)  or  rabbit  anti-K-opioid 
receptor  (KOR1;  E)  antisera.  The  opioid  receptor  immunoreactivity  was  visualized  with 
cyanine  3.18-conjugated  secondary  antibodies.  Note  dense  staining  in  the  superficial  laminae  of 
the  dorsal  horn  for  all  three  opioid  receptors.  Two-color  immunofluorescence  experiments 
were  done  in  order  to  examine  the  spatial  distribution  of  opioid  receptors  in  relation  to 
endogenous  ligands.  Sections  were  simultaneously  incubated  with  a  mixture  of  rabbit  anti- 
MOR1  (B)  and  mouse  anti-enkephalin  (ENK,  B')  or  rabbit  anti-DORl  (D)  and  mouse 
anti-ENK  (D')  or  rabbit  anti-KORl  (F)  and  guinea-pig  anti-preprodynorphin  (ppDYN,  a 
marker  for  dynorphin;  F')  antisera.  After  incubation  the  sections  were  stained  with  lissamine 
rhodamine-  and  fluorescein-conjugated  secondary  antibodies.  Complementary  but  not  overlap¬ 
ping  distributions  are  seen  for  all  three  opioid  receptors  in  relation  to  their  putative  endog¬ 
enous  ligands.  Note  also  at  these  higher  magnifications  MORI,  DOR1,  and  KOR1  each  has  a 
distinct  pattern  of  labeling  in  the  dorsal  horn  (B,  D,  F):  MORI  labeling  is  preferentially  seen  in 
postsynaptic  membranes,  DOR1  staining  is  only  seen  in  axon  terminals,  and  KOR1  seems  to 
label  both  pre-  and  postsynaptic  structures.  Scale  bars  =  250  |xm  (A,  C,  E);  25  fxm  (B,  B',  D,  D', 
F,  Fr).  Images  B,  B',  D,  D',  F,  F'  are  the  results  of  projecting  six  optical  sections  taken  at  0.4  fxm 
intervals. 
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FIGURE  2.  Localization  of  p-  and  8-opioid  receptors  and  their  putative  endogenous  ligand, 
enkephalin  (ENK),  in  locus  coeruleus  as  viewed  with  laser  scanning  confocal  microscopy. 
Immunofluorescence  images  of  coronal  sections  of  the  adult  rat  locus  coeruleus  single  stained 
with  rabbit  anti-p-opioid  receptor  (MORI;  A)  or  rabbit  anti-8-opioid  receptor  (DOR1;  C).  The 
opioid  receptor  immunoreactivity  was  visualized  with  cyanine  3.18-conjugated  secondary 
antibodies.  Note  the  different  staining  pattern  for  MORI  and  DOR1.  To  determine  the 
relationship  between  ENK  and  MORI  and  DOR1,  double-labeling  immunofluorescence 
experiments  using  a  mixture  of  either  rabbit  anti-MORl  (B)  and  mouse  anti-ENK  (B  ),  or 
rabbit  anti-DORl  (D)  and  mouse  anti-ENK  (D')  were  carried  out.  After  incubation  the 
sections  were  stained  with  lissamine  rhodamine-  and  fluorescein-conjugated  secondary  antibod¬ 
ies.  (B-B')  Dense  staining  of  MORI  was  seen  in  the  cell  membrane  of  locus  coeruleus  neurons 
as  well  as  in  the  neuropil.  ENK-immunoreactive  varicosities  were  present  in  close  vicinity  to 
MORl-labeled  structures;  however,  a  mismatch  in  the  relative  abundance  of  ENK  and  MORI 
was  observed.  (D-D')  As  in  the  case  of  the  dorsal  horn,  DORl-immunoreactivity  was  confined 
to  varicose  axonal  profiles  in  locus  coeruleus,  suggesting  a  role  as  a  presynaptic  receptor.  No 
unambiguous  coexistence  between  DOR1  and  ENK  was  seen,  suggesting  that  DOR1  is  not  an 
autoreceptor  for  ENK  in  locus  coeruleus.  Scale  bars  =  200  pm  (A,  C);  25  pm  (B,  B’,  D,  D'). 
Images  B,  B',  D,  D'  are  the  results  of  projecting  six  optical  sections  taken  at  0.4  pm  intervals. 
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Ventral  Forebrain 

Distinctive  staining  patterns  for  each  of  the  three  cloned  opioid  receptors  are 
seen  in  the  forebrain.  Patches  of  MORl-ir  are  scattered,  especially  in  the  dorsolat¬ 
eral  aspect  of  the  striatum  (Fig.  4A),  in  a  pattern  that  strongly  resembles  both 
p.-opioid  binding  and  the  location  of  MORI  as  determined  by  in  situ  hybridization.6 
DORl-ir  is  not  so  prominent  in  the  striatum,  but  is  concentrated  in  irregular  zones  in 
the  islands  of  Calleja  (Fig.  4B),  the  substantia  inominata,  and  the  septal  nuclei. 
KORl-ir  is  also  prominent  in  the  ventral  forebrain,  especially  in  the  vicinity  of  the 
islands  of  Calleja  and  the  shell  region  of  nucleus  accumbens  (Fig.  4C). 


FIGURE  3.  Spatial  relations  between  8-opi¬ 
oid  receptor  and  its  putative  endogenous 
ligand,  enkephalin,  in  the  interpeduncular 
nuclei.  Immunofluorescence  images  of  a 
coronal  section  of  the  adult  mouse  interpe¬ 
duncular  nuclei  as  viewed  with  laser  scan¬ 
ning  confocal  microscopy.  The  section  was 
simultaneously  incubated  with  a  mixture  of 
rabbit  anti-8-opioid  receptor  (DOR1,  A) 
and  mouse  anti-enkephalin  (ENK,  B).  The 
staining  was  visualized  with  lissamine  rhoda- 
mine-  and  fluorescein-conjugated  second¬ 
ary  antibodies.  Note  that  the  distribution  of 
DORl-immunoreactivity  is  found  in  a 
nucleus  adjacent  to  the  distribution  of  ENK- 
positive  fibers,  suggesting  in  this  case  that 
neurotransmission  could  possibly  occur  be¬ 
tween  nuclei.  Scale  bar  =  250  |xm  (A,  B). 


Subcellular  Localization  of  Opioid  Receptors 

DOR1  seems  largely  localized  in  axons  and  in  vesicles  undergoing  axonal 
transport  (Fig.  5).  Surprisingly,  neither  DORl-ir  (in  terminals  in  the  superficial 
dorsal  horn  of  the  spinal  cord)  nor  KORl-ir  (in  terminals  in  the  neural  lobe  of  the 
pituitary)  is  prominent  in  the  plasma  membrane  of  nerve  terminals.  Rather,  prelimi¬ 
nary  electron  microscopic  studies  have  demonstrated  staining  for  these  receptors  is 
prominent  in  a  population  of  large,  clear  vesicles  (Arvidsson  et  al.,  in  preparation). 


IMPLICATIONS  OF  FINDINGS 

Some  aspects  of  the  neurotransmission  accomplished  by  opioid  peptides  and 
their  receptors  have  been  thoroughly  studied  and  thus  serve  as  models  of  the  more 
general  phenomenon  of  peptidergic  neurotransmission.  In  spite  of  these  advances, 
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FIGURE  4.  Localization  of  \l-,  8-,  and  K-opioid  receptors  in  the  forebrain  as  viewed  with  laser 
scanning  confocal  microscopy.  Immunofluorescence  images  of  coronal  sections  of  the  adult  rat 
forebrain  single  stained  with  rabbit  anti-p,-opioid  receptor  (MORI;  A),  rabbit  anti-8-opioid 
receptor  (DOR1;  B)  or  rabbit  anti-K-opioid  receptor  (KOR1;  C).  The  opioid  receptor  immuno- 
reactivity  was  visualized  with  cyanine  3. 18-conjugated  secondary  antibodies.  (A)  Intense  MORI 
staining  is  seen  in  patches  in  the  striatum.  Note  also  weak  labeling  of  the  neuropil  between  the 
patches.  (B)  A  relatively  dense  network  of  DOR1  positive  fibers  is  seen  in  the  area  of  the  islands 
of  Calleja.  (C)  Low-power  micrograph  of  the  ventral  forebrain  showing  dense  labeling  of  KOR1 
in  the  shell  of  nucleus  accumbens  and  in  the  olfactory  tubercle  including  the  islands  of  Calleja. 
Scale  bars  =  250  |xm  (A,  B);  500  \im  (C). 


large  gaps  are  apparent  in  our  understanding  of  opioid  neurotransmission.  One  of 
these  gaps  has  been  the  lack  of  knowledge  of  the  spatial  relationships  between  nerve 
terminals  that  contain  opioid  peptides  and  the  membranes  that  possess  opioid 
receptors.  A  second,  and  related  gap,  has  been  the  lack  of  identification  of  the 
endogenous  opioid  peptides  that  are  likely  to  occupy  a  given  opioid  receptor  subtype 
under  physiological  or  pathophysiological  circumstances. 


FIGURE  5.  Intraaxonal  localization  of 
8-opioid  receptor  (DOR1)  as  viewed  with 
laser  scanning  confocal  microscopy.  High- 
magnification  immunofluorescence  image  of 
a  coronal  section  of  the  adult  rat  brainstem 
single  stained  with  rabbit  anti-8-opioid  re¬ 
ceptor  (DOR1)  and  visualized  with  cyanine 
3. 18-conjugated  secondary  antibodies.  The 
DOR1  staining  is  seen  in  small,  round  struc¬ 
tures  with  a  size  of  approximately  200-300 
nm.  These  labeled  structures  possibly  repre¬ 
sent  vesicles  transporting  the  receptor  to  its 
target  (anterograde  transport)  or  back  to 
the  cell  (retrograde  transport). 
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By  staining  for  both  opioid  peptides  and  opioid  receptors  we  have  been  able  to 
determine  with  cellular  and  subcellular  precision  the  relationship  between  nerve 
fibers  and  terminals  that  contain  opioid  peptides  and  the  receptors  with  which  they 
are  associated.  From  previous  studies  by  others  as  well  as  our  own  studies,  we  believe 
that  opioidergic  neurotransmission  is  generally  nonsynaptic.1011  We  have  found  that 
the  arrangement  of  the  elements  involved  in  opioidergic  transmission  falls  between 
two  extremes.  First,  as  exemplified  in  the  dorsal  horn  of  the  spinal  cord  and  locus 
coeruleus,  we  observed  a  nonsynaptic  interdigitation  of  nerve  terminals  containing 
opioid  peptides  with  neuronal  membranes  bearing  opioid  receptors  (with  the 
interdigitations  being  separated  by  distances  on  the  order  of  microns).  Second,  m 
some  cases  such  as  the  subnuclei  of  the  interpeduncular  nucleus,  ENK-  and  DOR-ir 
occur  in  entirely  different  subnuclei.  Although  this  is  a  striking  mismatch  in  the 
spatial  distribution  of  this  transmitter/receptor  combination,  the  complementary 
and  orderly  relationship  between  ligand  and  receptor  suggests  the  possibility  that 
neurotransmission  in  this  case  may  occur  between  nuclei  (over  distances  on  the  order 

of  hundreds  of  microns).  .. 

A  further  problem  in  opioid  neurotransmission  has  been  the  contusion  in 
assigning  endogenous  ligands  to  subtypes  of  opioid  receptors.44  Previous  investiga¬ 
tions  of  this  problem  used  bioassays  and  radioligand  binding  to  determine  the  rank 
order  of  potency  of  endogenous  ligands  for  each  subtype  of  opioid  receptor.  This 
approach  has  pharmacological  validity,  but  depends  greatly  on  the  stability  of  the 
ligands  tested.  It  is  known  that  many  neurotransmitters  are  very  unstable  in  such 
preparations  because  of  mechanisms  that  terminate  the  process  of  neurotransmis¬ 
sion.  An  alternative,  and  more  physiological  approach  to  this  problem  is  to  deter¬ 
mine  the  spatial  relationship  and  relative  abundance  of  each  of  the  endogenous 
ligands  to  each  of  the  receptor  subtypes.  The  use  of  multicolor  immunofluorescence 
studies  in  which  both  receptors  and  opioid  peptides  are  localized  simultaneously  has 
greatly  aided  this  task.  Based  on  these  studies,  it  appears  that  enkephalins  are  likely 
to  be  physiologically  relevant  ligands  for  both  DOR1  and  MORI  in  the  superficial 
dorsal  horn  of  the  spinal  cord  and  that  dynorphin-related  peptides  are  positioned  to 

gain  access  to  KOR1.  .  ,  . 

Little  is  known  concerning  the  mechanisms  that  deliver  newly  synthesized 
receptor  protein  to  the  region  of  plasma  membrane  where  it  might  be  exposed  to 
ligands.  Autoradiographic  studies  suggest  that  some  opioid  receptors  undergo 
axonal  transport42  45^7  and  are  likely  to  function  at  presynaptic  sites.48  One  of  the 
major  surprises  upon  our  initial  immunocytochemical  localizations  of  DOR1  was 
that  it  seems  to  be  targeted  almost  exclusively  to  the  axon  of  neurons,  and  thus  it  is 
most  likely  that  it  can  act  in  a  “presynaptic”  manner.  However,  high  magnification 
confocal  and  preliminary  electron  microscopic  studies  have  suggested  that  a  great 
fraction  of  DOR1  is  not  on  the  plasma  membrane  of  axons  or  their  terminals,  but 
rather  is  found  intra-axonally  associated  with  vesicles.  This  suggests  the  interesting 
possibility  that  presynaptic  opioid  receptors  may  be  stored,  awaiting  exteriorization, 
perhaps  in  response  to  stimulation  (Fig.  6).  If  this  proves  to  be  the  case,  it  suggests 
additional  regulatory  steps  important  in  receptor  function.  Indeed,  a  recent  report 
suggests  that  chronic  morphine  treatment  reduces  the  rate  of  a  slow  phase  of  axonal 
transport,  at  least  in  mesolimbic  dopamine  neurons.49  Together,  these  findings 
suggest  that  certain  stimulus  parameters  and  kinetics  of  receptor  targeting  might  be 

important  mechanisms  underlying  tolerance. 

A  further  surprising  aspect  of  the  targeting  of  neuropeptide  receptors  was 
observed  in  dorsal  root  ganglion  neurons,  where  it  was  observed  that  DOR1  and 
KOR1  are  transported  from  the  perikarya  into  the  central  and  peripheral  processes, 
whereas  a  portion  of  MORI  remains  in  the  perikarya  and  appears  to  decorate  the 
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FIGURE  6.  Schematic  illustration  of  the 
hypothesis  that  presynaptic  opioid  recep¬ 
tors  are  inserted  into  the  plasma  mem¬ 
brane  of  the  nerve  terminal  in  an  activity- 
dependent  manner.  Under  normal 
conditions  {upper panel)  a  major  portion 
of  opioid  receptor  immunoreactivity  in 
nerve  terminals  is  found  associated  with 
a  distinct  population  of  vesicles.  Under 
conditions  of  increased  activity  (lower 
panel )  the  resultant  fusion  of  the  vesicle 
membrane  with  the  plasma  membrane  of 
the  nerve  terminal  results  in  the  external- 
ization  of  the  receptor.  G,  heterotrimeric 
G-proteins. 


plasma  membrane  of  the  perikarya.6-50  Even  more  extreme,  we  recently  determined 
that  the  Y1  receptor  for  neuropeptide  Y  is  produced  by  a  subset  of  dorsal  root 
ganglion  neurons,  but  it  is  almost  completely  retained  by  the  perikaryon  where  it 
decorates  the  plasma  membrane.50  Although  it  has  not  been  thought  that  signaling 
occurs  within  dorsal  root  ganglia,  the  position  of  MORI  and  the  Y1  receptor  suggest 
that  blood-borne  neuropeptides  might  gain  access  to  ganglionic  receptors,  and 
thereby  contribute  to  the  regulation  of  activity  of  subsets  of  primary  afferent 
neurons. 


SUMMARY 

The  cloning  of  receptors  for  neuropeptides  made  possible  studies  that  identified 
the  neurons  that  utilize  these  receptors.  In  situ  hybridization  can  detect  transcripts 
that  encode  receptors  and  thereby  identify  the  cells  responsible  for  their  expression, 
whereas  immunocytochemistry  enables  one  to  determine  the  region  of  the  plasma 
membrane  where  the  receptor  is  located.  We  produced  antibodies  to  portions  of  the 
predicted  amino  acid  sequences  of  8,  p,  and  k  opioid  receptors  and  used  them  in 
combination  with  antibodies  to  a  variety  of  neurotransmitters  in  multicolor  immuno¬ 
fluorescence  studies  visualized  by  confocal  microscopy.  Several  findings  are  notable: 
First,  the  cloned  8  opioid  receptor  appears  to  be  distributed  primarily  in  axons,  and 
therefore  most  likely  functions  in  a  presynaptic  manner.  Second,  the  cloned  jjl  and  k 
opioid  receptors  are  found  associated  with  neuronal  plasma  membranes  of  dendrites 
and  cell  bodies  and  therefore  most  likely  function  in  a  postsynaptic  manner. 
However,  in  certain,  discrete  populations  of  neurons,  |x  and  k  opioid  receptors 
appear  to  be  distributed  in  axons.  Third,  enkephalin-containing  terminals  are  often 
found  in  close  proximity  (although  not  necessarily  synaptically  linked)  to  membranes 
containing  either  the  8  or  p  opioid  receptors,  whereas  dynorphin-containing  termi- 
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nals  are  often  found  in  proximity  to  k  opioid  receptors.  Finally,  a  substantial 
mismatch  between  opioid  receptors  and  their  endogenous  ligands  was  observed  in 
some  brain  regions.  However,  this  mismatch  was  characterized  by  complementary 
zones  of  receptor  and  ligand,  suggesting  underlying  principles  of  organization  that 
underlie  long-distance,  nonsynaptic  neurotransmission. 
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Substance  P  is  a  member  of  a  family  of  structurally  related  neuropeptides  known 
collectively  as  the  tachykinins.  The  tachykinin  peptides  are  involved  in  diverse 
biological  functions  both  in  the  central  nervous  system  and  the  periphery.  In  contrast 
to  the  smaller  classical  transmitters  such  as  acetylcholine  where  functional  diversity 
results  from  the  interaction  of  a  single  transmitter  with  multiple  receptor  subtypes,  a 
different  strategy  has  evolved  for  the  tachykinin  peptide  family.  For  each  of  the 
tachykinin  peptides  a  distinct  but  homologous  receptor  exists;1  to  date  there  is  no 
definitive  evidence  for  multiple  receptor  subtypes.  The  specific  receptor  for  sub¬ 
stance  P  (SP)  has  been  termed  the  NK-1  receptor.  This  receptor  binds  substance  P 
with  an  affinity  that  is  several  orders  of  magnitude  greater  than  for  all  other  members 
of  the  tachykinin  peptide  family.2  To  determine  the  basis  for  this  peptide  selectivity, 
we  are  attempting  to  map  the  residues  of  the  NK-1  receptor  that  are  involved  directly 
in  substance  P  recognition  and  subsequent  transmembrane  signaling  by  this  recep¬ 
tor. 

For  these  studies  we  developed  a  new  approach  to  photoaffmity  labeling  that 
relies  on  incorporating  the  photoactivatable  benzophenone  group  at  different  loca¬ 
tions  within  the  11 -amino  acid  sequence  of  substance  P.3-4  The  use  of  the  benzophe¬ 
none  group  as  a  photolabel  has  several  advantages  over  more  conventional  photola¬ 
bels  such  as  the  azide  group.  These  advantages  include  a  high  efficiency  of 
photoincorporation  and  the  chemical  stability  of  the  benzophenone  group  under 
peptide  synthesis  conditions.4-5  When  photoactivated  by  exposure  to  350  nm  light, 
the  carbonyl  group  of  the  benzophenone  moiety  undergoes  a  n-ir*  transition, 
forming  a  triplet  biradical  oxygen.  The  first  and  rate  determining  step  involves 
hydrogen  abstraction  from  a  C-H  bond  followed  by  formation  of  a  stable  C-C  bond 
between  the  peptide  probe  and  an  amino  acid  residue  present  at  the  peptide  binding 
site  of  the  receptor6-7  (Fig.  1). 

p-Benzoyl-L-phenylalanine  (Bpa)  is  an  unnatural  amino  acid  that  contains  a 
benzophenone  side  chain.  Two  photoaffinity  peptides  were  used  in  this  study: 
(Bpa8)-SP  and  (Bpa4)-SP  (Fig.  2).  Substitution  in  position  8  was  chosen  because 
studies  in  our  own  laboratory  and  in  several  others  have  shown  that  this  position  can 
accommodate  a  range  of  aliphatic  and  aromatic  amino  acids.8  In  addition,  substitu- 
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350  nm 


peptide  probe 


FIGURE  1.  Photochemistry  of  benzophenone. 


Receptor 


tion  in  position  8  places  the  photoreactive  benzophenone  group  in  the  conserved 
C-terminal  sequence  that  defines  the  tachykinin  peptide  family  and  is  necessary  for 
interaction  and  activation  of  the  receptors  of  these  peptides.  Substitution  in  position 
4  was  selected  because  it  places  the  photoreactive  group  in  the  middle  of  the 
divergent  N-terminal  sequence  of  substance  P.  Although  the  N-terminal  sequence  is 
not  essential  for  binding,  interactions  between  residues  of  this  region  and  the  NK-1 
receptor  are  necessary  for  binding  with  high  subnanomolar  affinity  and  thus  contrib¬ 
ute  to  the  selectivity  of  the  NK-1  receptor  for  substance  P.2  Radioiodinated  deriva- 


[Bpa8]  SP 


Arg  -  Pro  -  Lys  -  Pro 

[Bpa4]  SP 


cn2 


Arg  -  Pro  -  Lys  -  NH  -  CH  -  CO  -  Gin  -  Gin  -  Phe  -  Phe  -  Gly  -  Leu  -  Met  -  NH2 

FIGURE  2.  Chemical  structure  of  substance  P  (SP)  analogues  in  which  the  photoreactive 
amino  acid,  p-benzoyl-L-phenylalanine  (Bpa)  has  been  incorporated  in  position  4,  (Bpa  )-SP 
(lower panel),  and  position  8,  (Bpa8)-SP  (upper panel). 


-  Gin  -  Gin  -  Phe  -  NH  -  CH  -  CO  -  Gly  -  Leu  -  Met  -  NH2 
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tives  of  each  peptide  were  prepared  using  [125I]labeled  Bolton  Hunter  reagent  which 
acylates  the  e-amino  group  of  the  lysine  residue  in  position  3.4 

Preliminary  binding  and  functional  studies  established  that  both  these  substance 
P  analogues  are  agonists  that  bind  to  NK-1  receptors  with  an  affinity  similar  to  that  of 
the  parent  peptide,  substance  P.4  However,  unlike  substance  P,  both  of  the  Bpa- 
containing  substance  P  analogues  become  covalently  attached  to  the  receptor  upon 
irradiation  with  ultraviolet  (UV)  light.  The  photoaffinity  probes  have  been  used  to 
detect  and  characterize  NK-1  receptors  in  a  variety  of  tissues.2  However,  for  the 
mapping  studies  reviewed  here,  we  used  as  a  source  of  NK-1  receptors  a  stably 
transfected  Chinese  hamster  ovary  cell  line  that  expresses  about  5  x  106  rat  NK-1 
receptors  per  cell.  In  the  photolabeling  experiment  shown  in  Figure  3,  NK-1 
receptors  expressed  in  CHO  cells  were  photolabeled  with  [125I]-(Bpas)-SP  or  [125I]- 
(Bpa4)-SP.  The  photolabeled  receptors  were  resolved  by  SDS-PAGE,  and  the 


125l-[Bpa8]  SP  125l-[Bpa4]  SP 


FIGURE  3.  Photoaffinity  labeling  of  NK-1  receptors  expressed  in  Chinese  hamster  ovary 
(CHO)  cells  by  [125I]-(Bpa4)-SP  and  [I25I]-(Bpa8)-SP.  Transfected  CHO  cells  expressing  the 
NK-1  receptors  were  equilibrated  with  [125I]-(Bpa4)-SP  and  with  [125I]-(Bpa8)-SP  in  the  absence 
(— )  and  presence  (+ )  of  1  p,M  of  substance  P  and  photolyzed  at  4  °C  for  10  min  with  350  nm 
light.  Membranes  prepared  from  the  photolabeled  cells  were  subjected  to  SDS-PAGE,  and  the 
labeled  bands  were  visualized  by  autoradiography.  Photolabeled  membranes  were  also  solubi¬ 
lized  and  treated  with  endoglycosidase  F  prior  to  analysis  by  SDS-PAGE/ autoradiography. 


position  of  the  labeled  receptor  detected  by  autoradiography.  The  photolabeled 
receptors  are  visualized  as  a  broad  radioactive  band  centered  at  Mx  =  80,000. 
Photolabeling  by  both  probes  is  highly  specific  because  no  radiolabeled  bands  are 
detectable  when  photolabeling  is  conducted  in  the  presence  of  an  excess  of  unla¬ 
beled  substance  P.  Photolabeling  in  each  case  is  remarkably  efficient;  70-80%  of  the 
bound  (Bpa8)-SP  derivative  and  40-50%  of  the  bound  (Bpa4)-SP  derivative  undergo 
photoincorporation  upon  exposure  to  UV  light.  Treatment  of  the  photolabeled 
receptors  with  endoglycosidase  F  to  remove  asparagine-linked  carbohydrates  in¬ 
creased  the  mobility  of  the  photolabeled  receptors,  which  are  visualized  as  a  discrete 
radiolabeled  band  of  Mr  =  46,000.9  The  Mr  value  for  the  deglycosylated  receptors  is 
in  excellent  agreement  with  the  molecular  mass  calculated  for  the  primary  sequence 
of  the  rat  NK-1  receptor.9 
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MAPPING  THE  PEPTIDE  BINDING  POCKET 

Determination  of  the  site  of  incorporation  of  photoaffinity  probes  such  as 
[125I]-(Bpa8)-SP  and  [125I]-(Bpa4)-SP  identifies  directly  the  region  of  the  receptor 
that  is  in  contact  with  a  specified  position  of  the  peptide.  The  most  straightforward 
approach  to  determining  the  site  of  insertion  of  a  photoaffinity  probe  is  by  fragmen¬ 
tation  and  sequencing.  Prior  to  preparative  scale  isolation  and  sequencing  of 
receptor  binding  domains,  analyses  of  en2ymatic  and/or  chemical  fragmentation 
procedures  conducted  on  an  analytical  scale  are  important  for  optimization  of 
fragment  yield  and  evaluation  of  purification  steps.  Inasmuch  as  the  photoaffinity 
probes  are  themselves  peptides,  a  key  consideration  in  the  evaluation  of  potential 


125l-[Bpa4]SP  125l-[Bpa8]SP 

1  2  3  4  5  6  7  8  9  10  11  12 


FIGURE  4.  Autoradiograph  of  tryptic  fragments  of  the  NK-1  receptor  photoaffinity  labeled 
with  f125Il-(Bpa4)-SP  and  [125I]-(Bpa8)-SP.  Chinese  hamster  ovary  cells  expressing  the  NK-1 
receptor  were  photoaffinity  labeled  with  either  [125I]-(Bpa4)-SP  or  [I25I]-(Bpa8)-SP.  Membranes 
containing  labeled  NK-1  receptor  were  prepared  from  the  cells  and  were  incubated  for  60  min 
at  22  °C  with  trypsin  at  the  following  concentrations  (mg/mL):  2, 0.6, 0.2, 0.06, 0.02,  and  0;  lanes 
1-6:  [125I]-(Bpa4)-SP  labeled;  lanes  7-12:  [I25I]-(Bpa8)-SP  labeled.  The  tryptic  fragments  were 
resolved  by  Tricine-SDS-PAGE  and  visualized  by  autoradiography. 


fragmentation  schemes  is  the  requirement  that  the  covalently  attached  probe  remain 
intact  under  receptor  fragmentation  conditions.  The  results  of  this  type  of  experi¬ 
ment  are  shown  in  Figure  4  in  which  NK-1  receptors  expressed  in  CHO  cells  were 
photolabeled  with  either  [125I]-(Bpa8)-SP  or  [125I]-(Bpa4)-SP  and  subjected  to  diges¬ 
tion  with  increasing  concentrations  of  trypsin  and  the  resulting  radiolabeled  frag¬ 
ments  analyzed  by  Tricine-SDS-PAGE. 

Tryptic  digestion  of  receptor  photolabeled  with  [125I]-(Bpa8)-SP  presented  a 
different  fragmentation  pattern  than  tryptic  digestion  of  receptor  photolabeled  with 
[I25I]-(Bpa4)-SP.  These  results  suggest  that  different  amino  acid  residues  serve  as  the 
site  of  covalent  attachment  for  each  photoaffinity  probe.  The  experiments  further 
suggest  that  by  this  approach  it  should  be  possible  to  generate  sufficient  quantities  of 
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labeled  fragments  so  that  amino  acid  attachment  sites  can  be  identified  by  purifica¬ 
tion  and  microsequencing.  Extending  this  approach  to  additional  substance  P 
derivatives  should  provide  detailed  information  on  the  amino  acid  residues  that 
comprise  the  peptide  binding  pocket  and  thus  provide  an  understanding  at  the 
molecular  level  of  peptide -receptor  interaction. 
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Cholecystokinin  (CCK)  receptors  have  been  shown  to  mediate  CCK-induced  pancre¬ 
atic  injury.1  The  beneficial  effect  of  the  CCK  receptor  antagonist  L-364,718  on  acute 
pancreatitis  is  well  established.2  We  previously  demonstrated  an  amelioration  of 
CCK-induced  pancreatic  parenchymal  changes  in  rats  treated  with  peptide  YY 
(PYY).3  PYY  is  an  ileocolonic  inhibitor  of  pancreatic  secretion  that  inhibits  CCK- 
mediated  effects  on  the  pancreas.4 

The  aim  of  this  study  was  to  investigate  the  combined  effects  and  possible 
interactions  of  PYY  and  L-364,718  on  cerulein-induced  pancreatitis. 


METHODS 

Twenty-four  Sprague-Dawley  rats  underwent  chronic  cannulations  of  the  jugular 
vein  and  carotid  artery  for  drug  infusion  and  blood  sampling.  After  an  overnight 
recovery  from  surgery  they  were  randomly  assigned  to  groups  receiving.  CCK 
amphibian  analog  cerulein  (10  (xg/kg/h);  cerulein  +  L-364,718  (20  fxg/kg/h);  or 
cerulein  +  L-364,718  +  PYY  (400  pmol/kg/h).  Rats  in  the  control  group  received 
saline  (1.6  cc/h).  Test  solutions  were  infused  over  the  first  6  h  of  the  study.  Blood 
samples  for  plasma  amylases  were  taken  prior  to  any  intervention  and  at  1,  3,  6,  9, 
and  24  h  after  beginning  of  treatment.  At  the  conclusion  of  the  study,  the  animals 
were  sacrificed  and  the  pancreata  taken  for  hematoxylin  and  eosin  staining. 


RESULTS 

Pancreatic  specimens  taken  from  rats  infused  with  cerulein  alone  revealed  a 
significant  degree  of  inflammation,  vacuolization,  and  necrosis.  No  differences  were 
found  among  morphological  pictures  of  the  pancreatic  specimen  taken  from  rats 
receiving  other  treatments.  Cerulein  infusion  increased  plasma  amylase  levels  (Fig.  1). 

°  Address  correspondence  to  Marek  Rudnicki,  M.D.,  Department  of  Surgery,  Mary  Imogene 
Bassett  Hospital,  Cooperstown,  NY  13326-1394. 
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The  CCK  antagonist,  L-364,718,  almost  completely  blocked  amylase  release  in  rats 
treated  with  cerulein.  PYY,  when  given  simultaneously  with  cerulein  and  L-364,718, 
reduced  this  effect  and  increased  plasma  amylase  activities  at  1,  3,  6,  and  9  h. 


DISCUSSION 

In  the  presence  of  exogenous  PYY,  the  beneficial  effect  of  L-364,718  on 
cerulein-induced  hyperamylasemia  was  attenuated.  PYY  was  demonstrated  to  de¬ 
crease  CCK-induced  hyperamylasemia  in  rats.3  Inasmuch  as  PYY  does  not  alter 
unstimulated  amylase  release,  it  is  suggested  that  this  peptide  interacts  with  the 
action  of  L-364,718  on  intrapancreatic  acinar  CCK  receptors  overstimulated  with 
cerulein.  The  demonstration  of  a  diversity  in  the  affinity  status  of  CCK  receptors 
mediating  pancreatic  response  to  cerulein  implies  that  PYY  can  interfere  with 
L-364,718  binding  to  these  receptors.5  Therefore,  it  might  be  concluded  that  exog¬ 
enous  PYY  may  diversify  the  functional  activity  of  CCK  receptors  during  cerulein- 
induced  pancreatitis. 
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Six  previously  isolated  sets  of  studies  have  been  brought  together  to  define  a 
condition  we  have  named  aglyco  pathology a:  (1)  Glycoconjugate  receptor  structures 
in  brain  are  known  sites  for  viral  attachment,  and  influenza  viral  neuraminidase 
cleaves  neuraminic  acid  from  glycoreceptors  during  virus  entry  into  the  cell.  Thus, 
for  example,  brain  gangliosides  in  vitro  were  shown  to  act  as  receptors  for  influenza 
virus,  and  in  vivo  additional  gangliosides  administered  intracerebrally  acted  as  a 
“decoy”  and  inhibited  infection  of  brain  neurons  by  influenza  virus.1-7  (2)  Quantita¬ 
tive  neurochemical  studies  suggested  that  covalently  bound  neuraminic  acid  (NA) 
and  hexosamine  (HA)  in  brain  normally  are  part  of  a  glycoconjugate  intercellular 
recognition  “sign-post”  system,  which  forms  the  neural  networks  underlying  normal 
brain  development  and  behavior.8’9  (3)  A  quantitative  decrease  in  glycoconjugates,  in 
conjugated  NA  and  HA,  occurs  in  schizophrenia.10-25  That  nondialyzable  conjugated 
NA  and  HA  in  cerebrospinal  fluid  (CSF)  are  quantitatively  decreased  in  schizophre¬ 
nia  is  here  confirmed  in  a  double-blind  study.  (4)  Recent  epidemiological  studies 
indicate  that  infection  prenatally  with  influenza  virus  predisposes  to  schizophre¬ 
nia.26-28  (5)  Recent  histological  and  brain-scan  studies  in  schizophrenia  reveal 
neuronal  loss.29-30  (6)  An  example  of  aglyco  pathology  has  been  demonstrated  in 
glioblastomas,  in  which  the  decrease  of  carbohydrate  in  the  glycoconjugate  brain 
glycoprotein  10B  exposes  epitopes  in  a  constituent  peptide  of  10B  called  malignin; 
these  epitopes  in  turn  induce  a  quantified  cytotoxic  auto-antibody  response,  anti- 
malignin  antibody  (Fig.  1),  with  resultant  destruction  of  the  cells  containing  the 
newly  exposed  epitopes  at  picograms  of  antibody  per  cell.31-33  This  mechanism 
operates  in  other  malignancies  as  well  (Fig.  1).  It  is  proposed  that  neuronal  cell  loss 
in  dementia  praecox  (schizophrenia)  and  other  dementias,  such  as  those  which  occur 
in  Alzheimer’s  disease  and  parkinsonism,  is  produced  by  similar  aglyco  pathology  of 
viral  receptors. 

Aglyco  pathology  can  be  detected  by  quantitative  determination  either  of  the 
altered  glycoconjugates  themselves  or  of  the  cytotoxic  antibody  which  is  produced 
against  the  newly  exposed  epitopes.  The  quantitative  determination  of  the  altered 
glycoconjugates  themselves  is  demonstrated  in  schizophrenia  (Fig.  2).  To  be  de¬ 
scribed  in  detail  elsewhere,  CSF  from  schizophrenic  and  nonschizophrenic  patients 
at  the  National  Institute  of  Mental  Health,  Bethesda  was  shipped  blind  in  dry  ice  to 
the  Foundation  for  Research  on  the  Nervous  System  in  Boston  where  conjugated 
NA  and  HA  were  determined.  Each  of  the  specimens  was  lyophilized,  dialyzed 
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FIGURE  1.  Antimalignin  antibody  in  non-tumor  and  tumor  populations.  Number  in  each 
group  appears  in  parentheses.  Non-tumor:  O  Normal  healthy  controls  (1,972);  □  Screen: 
Unknown  family  history  (732);  O  Screen:  +ve  Family  history,  asymptomatic  (193);  O  Screen: 
+ve  Family  history,  symptomatic  (181).  Tumor:  O  Ovary  (58);  O  Melanoma  (20);  □  Colorectal 
(99);  O  Breast  (600);  V  Prostate  (80);  H  Genitourinary  (47);  [x]  Brain  (104);  Q  Lung  (62);<^ 
Uterus  (46);  X  Basal  cell,  skin  (11);  X  Lymphoma-leukemia  (73).  Total  number:  4,278. 
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FIGURE  2.  Glycoconjugate  neuraminic 
acid,  hexosamine,  and  hexose,  in  cerebrospi¬ 
nal  fluid  (CSF)  of  schizophrenic  (Schiz.) 
and  nonschizophrenic  (Non-Schiz.)  patients, 
in  p-g/mL  CSF,  mean  ±  SD. 
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against  distilled  water  exhaustively  (cellophane  pore  size  approx.  MW  12,000  Da)  at 
0-5  °C  to  remove  free  NA  and  free  hexose,  and  the  nondialyzable  fraction  was 
quantitatively  analyzed  in  duplicate  for  conjugated  NA  by  the  Bial’s  orcinol  method 
and  the  thiobarbituric  acid  method  (again  shown  to  be  unreliable),  and  for  conju¬ 
gated  HA  and  glucose  as  previously  described.10-25  After  the  neurochemical  tests 
were  completed,  the  code  was  broken.  The  results  are  shown  in  Figure  2.  Conju¬ 
gated  NA  ( p  <  0.025;  81.8%  of  the  schizophrenic  group  <  7.5  pg/mL;  83.3%  of  the 
nonschizophrenic  group  >7.5  pg/mL)  and  conjugated  HA  (p  <  0.006),  but  not 
conjugated  hexose,  were  statistically  significantly  lower  in  concentration  in  the 
schizophrenic  than  the  nonschizophrenic  group. 
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Calcium  (Ca2+)  possesses  a  pivotal  role  in  a  large  variety  of  cellular  processes.  In 
neurons,  it  represents  an  essential  step  in  the  mechanisms  triggering  synaptic 
plasticity,  long-term  potentiation,1’2  long-term  depression,3-5  cytoskeletal  organiza¬ 
tion,6  exocytosis,7’8  and  delayed  neurotoxicity.9  Considering  all  these  distinct  funda¬ 
mental  roles  of  Ca2+,  one  may  logically  suppose  that  they  result  from  specific  changes 
in  intracellular  Ca2+  concentration,  which  differ  in  their  amplitude,  duration,  and 
location.  All  these  subcellular  Ca2+  variations  should  be  tightly  regulated  to  avoid  the 
emergence  of  uncontrolled  mechanisms,  often  leading  ultimately  to  cell  death.  Many 
systems  contribute  to  this  regulation,  namely,  membrane  sodium  (Na+)/Ca2+  exchang¬ 
ers,  Ca2+  pumps  (Ca2+-ATPases),  Ca2+  binding  proteins,  and  Ca2+  channels.  The 
later  category  could  be  divided  into  five  main  subtypes:  voltage-dependent  Ca2+ 
channels  (VDCC),  receptor-operated  Ca2+  channels  (ROC),  G-protein-operated 
Ca2+  channel  (GOC),  second  messenger-operated  Ca2+  channels  (SMOC),  and 
finally  Ca2+  release-activated  channel  (CRAC),  as  recently  proposed10  (Fig.  1). 
Glutamate  (Glu),  which  is  the  main  excitatory  neurotransmitter  in  the  brain,  may 
directly  or  indirectly  modulate  most  of  the  above-mentioned  Ca2+  channels.  Its 
action  occurs  via  two  main  classes  of  receptors,  namely,  the  ionotropic  and  the 
metabotropic  receptors  as  shown  in  Figure  2.  Ionotropic  Glu  receptors  (iGluR)  are 
composed  of  subunit  proteins,  which  form  an  integral  ligand-gated  ion  channel. 
iGluR  can  be  subdivided  into  two  main  categories,  the  JV-methyl-D-aspartate  (NMD A) 
receptors  and  the  non-NMDA  ones.  The  NMD  A  receptor  family  are  receptor- 
channels,  permeable  to  Ca2+  (ROC).  The  non-NMDA  receptors,  composed  of 
a-amino-3-hydroxy-5-methyl-4-isoxazole  propionic  acid  (AMPA)  receptors  and  kainic 
acid  (KA)  receptors,  are  also  receptor-channels,  generally  almost  impermeable  to 
Ca2+.  The  exception  to  this  last  statement  is  the  existence  of  AMPA  receptors 
lacking  the  GluR2  subunit,  which  are  permeable  to  Ca2+.  The  activation  of  the 
non-NMDA  receptors  produces  a  depolarization,  which  opens  the  VDCC.  The 
second  class  of  receptors,  the  metabotropic  glutamate  receptors  (mGluR)  are  linked 
to  G-proteins.  Their  stimulation  generates  the  formation  of  second  messengers 
and/or  regulates  ion  channel  function.  Molecular  cloning  by  cross-hybridization  and 
polymerase  chain  reaction  (PCR)  has  revealed  the  existence  of  at  least  seven 
subtypes  of  mGluR. 11-16  The  mGluR  can  be  subdivided  into  three  main  subgroups 
according  to  DNA  sequence  similarities,  receptor-associated  signal  transduction, 
and  the  agonist  selectivities17  (Fig.  2).  In  agreement  with  their  high  sequence 
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homology,  both  mGluRl  and  mGluR5  stimulate  the  phosphoinositide  metabolism, 
leading  to  IP3  synthesis  and  Ca2+  mobilization  from  the  endoplasmic  reticulum.  The 
most  potent  agonist  of  these  receptors  is  quisqualate  (QA),  as  previously  reported,18 
whereas  frans-l-aminocyclopentane-l,3-dicarboxylic  acid  (f-ACPD)  is  a  very  weak 
agonist.  These  receptors  also  induce  arachidonic  acid  release.  The  two  other  mGluR 
subgroups  are  composed  of  receptors  coupled  to  the  inhibition  of  forskolin- 


FIGURE  1.  Schematic  representation  of  possible  mechanisms  and  pathways  of  Ca2+  influx  by 
excitatory  amino  acid  receptor  activation.  Ca2+  influx  may  occur  through  voltage-dependent 
Ca2+  channels  (VDCC),  receptor-operated  Ca2+  channels  (ROC),  Ca2+-release  activated  Ca2+ 
channels  (CRAC),  second  messenger-operated  Ca2+  channels  (SMOC),  and  G-protein- 
operated  Ca2+  channels  (GOC).  Ionotropic  glutamate  receptors  (iGluR)  are  all  able  to  activate 
VDCC,  whereas  only  the  /V-methyl-D-aspartate  (NMDA)  is  permeable  to  Ca2+  (ROC).  The 
metabotropic  glutamate  receptor  (mGluR)  could  be  associated  via  a  G-protein  to  GOC  or 
could  activate  indirectly  CRAC  or  SMOC.  The  SMOC  activation  maybe  due  to  the  inositol-1, 4,5- 
trisphosphate  (IP3)  synthesis  from  membrane  inositol  phospholipids,  catalyzed  by  the  phospho¬ 
lipase  C  enzymes  (PLC),  or  inositol-1, 3, 4, 5-tetrakisphosphate  (IP4),  or  Ca2+,  or  Ca2+  influx 
factor  (CIF).  CRAC  may  result  from  emptying  the  endoplasmic  reticulum  (ER)  Ca2+  pool. 
Other  abbreviations:  Glu,  glutamate;  Gly,  glycine;  AMPA,  RS-a-amino-3-hydroxy-5-methyl-4- 
isoxazole  propionate;  KA,  kainate. 


stimulated  adenylate  cyclase  activity.  Their  discrimination  arises  from  their  agonist 
selectivity.  mGluR2  and  mGluR3  are  potently  activated  by  f-ACPD  and  Glu, 
whereas  QA  is  almost  ineffective.  mGluR4,  mGluR6,  and  mGluR7  are  preferentially 
activated  by  2-amino-4-phosphonobutyric  acid  (AP4),  which  is  more  potent  than  Glu 
by  one  order  of  magnitude.  f-ACPD  is  a  very  weak  agonist  at  these  receptors,  and  QA 
presents  almost  no  agonist  activity. 

Altogether,  these  facts  indicate  that  Ca2+  represents  a  converging  step  for  most, 
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if  not  all,  excitatory  amino  acid  (EAA)  receptor  types.  In  turn,  Ca2+  ions  possess 
numerous  targets:  calmodulin,  which  activates  Ca2+  calmodulin  kinase;  protein 
kinases  C  (PKC),  which  are  translocated  from  the  cytosol  to  the  plasma  membrane; 
phospholipase  C;  phospholipase  A2;  early  genes;  and  channels.  As  feedback,  all  the 
stimulated  targets  may  directly  or  indirectly  regulate  the  activity  of  the  EAA  receptor 
subtypes.  Indeed,  EAA  receptors  themselves  could  serve  as  substrates  for  the 
various  kinases,  which  modulate  their  respective  activity  by  phosphorylation.  For 
instance,  PKC  activation  is  known  to  enhance  NMDA  currents.19  The  phosphoryla- 
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FIGURE  2.  Classification  of  ionotropic  glutamate  receptors  (iGluR)  and  metabotropic  gluta¬ 
mate  receptors  (mGluR).  iGluR  are  divided  into  yV-methyl-D-aspartate  (NMDA)  and  non- 
NMDA  types  according  to  their  respective  agonist  and  antagonist  selectivity.  The  non-NMDA 
is  further  subdivided  into  AMPA  (RS-a-amino-3-hydroxy-5-methyl-4-isoxazole  propio- 
nate)/KA  (kainate)  and  KA  with  respect  to  the  agonist  selectivity  of  these  two  substances.  The 
mGluR  are  classified  into  two  groups — those  linked  to  the  phospholipase  C  (PLC)  enzymes, 
named  mGluR  (PLC),  and  those  coupled  to  the  inhibition  of  adenylate  cyclase  (AC-),  named 
mGluR  (AC-).  This  latter  group  is  made  up  of  two  types,  defined  by  the  agonist  selectivity  of 
2-amino-4-phosphonobutyrate  (AP4)  andfrans-l-aminocyclopentane-l,3-dicarboxylate  (ACPD). 
Finally,  a  last  subdivision  is  obtained  from  receptor  cloning,  suggesting  that  up  to  seven 
receptor  types  exist. 


tion  of  several  distinct  sites  on  the  NR1  subunit  of  the  NMDA  receptor  may  be 
catalyzed  by  PKC.20  21  Consequently,  Ca2+  represents  one  of  the  main  centers  for  the 
cross  talk  between  most,  if  not  all,  EAA  receptor  subtypes.  This  concept  could  likely 
be  extended  to  many  other  neurotransmitter  receptors. 

This  paper,  however,  is  restricted  to  the  role  of  EAA  metabotropic  receptors 
linked  to  phospholipase  C  (PLC)  in  the  regulation  of  intracellular  Ca2+  concentra¬ 
tion  ([Ca2+]i)  during  development  and,  reciprocally,  on  the  modulation  by  Ca2+  of 
the  EAA-stimulated  inositol  phosphate  (IP)  metabolite  formation.  The  activation  of 
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PLC-linked  receptors  is  known  to  induce  the  formation  of  two  second  messengers, 
namely,  inositol  1,4,5-trisphosphate  (IP3)  and  diacylglycerol  (DAG)  from  the  cleav¬ 
age  of  membrane  inositol  lipid,  phosphatidylinositol  4,5-bisphosphate  (PIP2).22-23 
Whereas  DAG  activates  protein  kinase  C  (for  a  review,  see  ref.  24),  IP3  releases 
Ca2+  from  intracellular  organelles  possessing  IP3  receptors,  such  as  the  endoplasmic 
reticulum.25  However,  it  became  apparent  that  IP3-sensitive  Ca2+  stores  have  a 
limited  capacity  and  could  not  completely  account  for  the  substantial  [Ca2+]j 
increase,  subsequent  to  EAA  receptor  activation.  Moreover,  it  was  reported  that,  in 
many  cell  types,  receptor-mediated  [Ca2+],  augmentation  invariably  results  from 
both  a  Ca2+  mobilization  from  intracellular  stores  and  a  Ca2+  influx  from  the 
extracellular  medium.26-32  The  mechanism(s)  as  well  as  the  molecular  nature  of  the 
channel(s)  that  mediate  IP3-induced  Ca2+  influx  remain  unknown.  Two  main 
hypotheses  have  been  proposed.33  First,  IP3  and/or  inositol  1,3,4,5-tetrakisphos- 
phate  (IP4)  directly  gate  a  Ca2+  channel  on  the  plasma  membrane.34  The  other 
alternative,  termed  the  capacitive  Ca2+  entry  hypothesis,  is  that  emptying  the 
intracellular  Ca2+  stores  by  IP3  represents  the  triggering  stimulus  for  Ca2+  entry 
(Fig.  1).  This  later  hypothesis  necessitates  a  communication  between  the  endoplas¬ 
mic  reticulum,  which  represents  the  store  to  be  emptied,  and  the  plasma  membrane, 
where  the  Ca2+  channel  is  located.  The  three  possibilities  proposed33  for  this 
communication  are  a  diffusible  messenger,  a  signal  given  by  a  low  Ca2+  concentration 
near  the  plasma  membrane,  and  protein-protein  interaction  (a  direct  interaction 
between  IP3  receptors  and  Ca2+  channel,  for  instance).  The  first  possibility  is 
supported  by  the  discovery  of  a  soluble  small  molecule,  named  Ca2+  influx  factor 
(CIF)35  and  by  electrophysiological  patch-clamp  experiments.36  The  second  possibil¬ 
ity  is  far  less  substantiated  although  it  has  been  demonstrated  that  decreasing 
cytosolic  Ca2+  could  increase  Ca2+  entry.37  The  third  proposal  could  be  evidenced  by 
the  fact  that  intracellular  Ca2+  increases  the  sensitivity  of  IP3  receptors,  likely 
directly  associated  with  the  plasma  membrane  Ca2+  channel  and  to  IP3,  which  may 
represent  a  Ca2+  sensor  for  evaluating  the  Ca2+  level  of  the  store.38  39  The  involve¬ 
ment  of  G-proteins  has  also  been  proposed  on  the  basis  of  whole-cell  patch-clamp 
experiments  showing  that  GTPyS,  but  not  ALF4",  prevents  the  Ca2+  influx. 

We  report  evidence  indicating  that,  in  nerve  terminals,  the  intracellular  Ca2+ 
release  from  IP3-sensitive  stores  following  EAA  metabotropic  receptor  activation 
directly  or  indirectly  produces  a  depolarization,  likely  by  opening  a  Ca2+-activated 
nonspecific  cation  channel  (CAN).  Subsequently,  the  activation  of  this  CAN  channel 
leads  to  an  extracellular  Ca2+  influx  through  a  new  voltage-dependent,  Mn2+ 
impermeable  Ca2+  channel.  This  influx  activates  Ca2+ -sensitive  PLC,  which  results  in 
an  increased  IP3  production. 


CALCIUM  INCREASE  MAINLY  RESULTS  FROM  EXCITATORY 
AMINO  ACID  METABOTROPIC  RECEPTOR  ACTIVATION 
IN  SYNAPTONEUROSOMES 

We  previously  showed  that  all  the  classical  antagonists  of  the  iGluR,  namely, 
D-2-amino-5-phosphonovalerate  (APV),  6-nitro-7-cyanoquinoxaline-2,3  dion 
(CNQX),  glutamate-aminomethyl-sulfonate,  and  y-D-glutamylglycine  neither  af¬ 
fected  the  QA-,  Glu-  nor  the  t-ACPD-induced  IP  formation  in  8-day-old  rat 
forebrain  synaptoneurosomes.1840  The  agonists  QA,  t-ACPD,  and  Glu  produce  a 
dose-dependent  increase  in  intracellular  Ca2+  (reaching  up  to  70  nM)  as  measured 
by  Fura-2  fluorescence.  The  pharmacology  of  this  mGluR  agonist-elicited  Ca2+ 
increase  is  highly  correlated  with  that  reported  for  the  stimulation  of  IP  metabolism41 
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(Fig.  3).  Moreover,  the  iGluR  antagonists  did  not  block  the  QA-,  Glu-  or  t-ACPD- 
induced  Ca2+  increase. 

Taken  together  these  data  strongly  suggest  that  the  intracellular  Ca2+  rise  in 
synaptoneurosomes  essentially  originates  from  mGluR  activation. 


ORIGIN  OF  Ca2+  PRODUCING  THE  INTRACELLULAR  Ca2+  RISE 

QA  (10  p,M)  induces  a  long-lasting  increase  in  intracellular  Ca2+  of  about  70  nM 
in  the  presence  of  an  extracellular  Ca2+  concentration  ([Ca2+]e)  of  150  p.M.  In  the 
presence  of  150  jxM  of  the  Ca2+  chelator  1,2-bis  (2-aminophenoxy)ethane-7V,A,A',A'- 
tetraacetic  acid  (BAPTA),  which  reduces  the  [Ca2+]e  to  0.3  pJM,  QA  only  elicits  a 
transient  intracellular  Ca2+  rise  of  16  nM,  which  is  no  longer  measurable  after  a 
5-min  delay.  This  indicates  that  the  major  long-lasting  [Ca2+]j  increase  is  due  to  a 
Ca2+  influx  from  the  extracellular  medium  (Table  1). 


FIGURE  3.  Effect  of  increasing  concentrations  of  the  Ca2+  chelator  (BAPTA)  on  the  IP1 
formation  elicited  by  Glu  (1  mM).  The  IP1  formation  elicited  by  Glu  in  the  presence  of  150  p.M 
extracellular  Ca2+  was  taken  as  100%.  The  values  are  the  mean  ±  SD  of  three  to  four  separate 
experiments.  The  method  was  previously  described.18  Briefly,  8-day-old  rat  forebrain  synapto¬ 
neurosomes,  preloaded  with  [3H]-myo-inositol  for  1  h  at  37  °C  (about  1  mg  protein/mL)  were 
incubated  at  37  °C  for  13  min  in  the  presence  of  Li+  (10  mM).  The  stimulation  by  QA  lasts  for  a 
further  20  min,  then  the  inositol  phosphates  (IPs)  were  extracted  and  separated  by  ion- 
exchange  chromatography,  and  the  radioactivity  contained  in  the  IP1  eluate  was  counted. 
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table  i.  Intracellular  Ca2+  Concentration  Variations  Elicited  by  Quisqualate  in  the 
Presence  of  Different  Extracellular  Ca2+  Concentrations 


A[Ca2+]j  (nM) 

A[Ca2+]j  (nM) 

[Ca2+]e 

mGluR 

(1  min  after  QA 

(5  min  after  QA 

Agonist 

application) 

application) 

(H-M) 

QA  (10  ixM) 

65  ±7 

71  ±  6 

150 

QA  (10  jiM) 

16  ±5 

0  ±  2 

0.3 

Ca2+  INFLUX  AND  ITS  CHARACTERISTICS 

It  has  been  extensively  demonstrated  that  an  influx  of  Ca2+,  either  due  to  the 
action  of  depolarizing  agents  or  to  Ca2+  ionophores,  stimulates  the  IP  produc¬ 
tion.42^7  Using  increasing  concentrations  of  BAPTA  to  reduce  the  [Ca2+]e,  we  found 
that  about  60%  of  the  Glu-induced  inositol  monophosphate  (IP1)  accumulation  is 
due  to  the  Ca2+  influx  from  the  extracellular  medium  (Fig.  3).  The  remaining 
response  (40%)  corresponds  to  the  direct  IP1  accumulation  solely  resulting  from  the 
mGluR  activation. 

The  VDCC  antagonists,  including  verapamil,  nifedipine,  a>-conotoxin,  flunari- 
zine,  &>-agatoxin  IV A,  and  SC  38249  (a  gift  of  Prof.  J.  Meldolesi)  neither  affect  the 
Ca2+  influx  nor  the  EAA-elicited  IP  production.  This  clearly  indicates  that  the 
voltage -dependent  N,  L,  T,  and  P  type  channels  are  not  involved  in  these  two  effects. 

At  100  p.M,  Zn2+,  Ni2+,  Co2+,  Ba2+,  and  La3+  are  without  effect  on  the 
Glu-induced  IP  metabolism,  whereas  Mn2+  only  slightly  affects  this  response.  Cd2+ 
and  Hg2+  totally  inhibit  the  Glu-elicited  IP  response.47’48  However,  this  effect  does 
not  appear  to  be  due  to  competitive  blockade  of  the  Ca2+  channel  by  these  two  ions. 
Cd2+  and  Hg2+  most  probably  bind  to  free  -SH  groups  of  proteins  involved  in  the 
transduction  system.48 

Mn2+,  which  usually  crosses  the  plasma  membrane  by  the  same  pathways  as 
Ca2+ — in  particular  by  the  VDCC — and  quenches  the  Ca2+-Fura-2  fluorescences,49 
is  often  used  as  a  surrogate  ion  to  monitor  Ca2+  entry.  However,  in  synaptoneuro- 
somes,  Mn2+  does  not  decrease  the  Ca2+-Fura-2  fluorescence  stimulated  by  QA. 
This  further  reinforces  the  conclusion  that  the  Ca2+  influx  does  not  occur  via  a 
classical  VDCC. 

Using  stopped  flow  spectrofluorimetry,  we  demonstrated  that  the  Ca2+  influx 
triggered  by  QA  (10  (xM)  is  delayed  by  about  300  ms  as  compared  to  that  elicited  by 
K+  (30  mM)  ions  or  the  Ca2+  ionophore  A23187  (2  pM).41  This  specific  kinetic  likely 
indicates  that  the  Ca2+  influx  is  not  directly  mediated  by  the  metabotropic  receptor 
associated  with  a  Ca2+  channel  via  a  G-protein  (GOC).  Rather  this  delayed  influx 
suggests  the  involvement  of  a  multistep  mechanism  in  which  IP3  participates.  It  has 
previously  been  reported  that  IP3  synthesis  requires  about  150  ms  after  odorant 
stimulation  of  the  olfactory  cilia50  and  about  200  ms  after  thrombin  stimulation  of  the 
human  platelets.51 

It  does  not  appear  that  CRAC  channels  are  involved  in  this  response  because 
La3+  ions,  known  to  inhibit  the  current  carried  through  CRAC  channels,  have  no 
effect  on  the  IP  formation  elicited  by  mGluR  agonists47  (Table  2). 

Quinine  and  quinidine,  able  to  inhibit  CAN  channels,52  block  in  a  dose- 
dependent  manner  the  QA-elicited  IP  formation  (data  not  shown).  This  result 
suggests  the  involvement  of  such  CAN  channels  in  the  calcium  entry,  which  follows 
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table  2.  Comparison  of  Ca2+  Permeable  Channels0 


Channel 

Trigger 
Direct  or 
Indirect 

Conductance 

Permeation 

Inhibitors 

CRAC 

EGTA 

BAPTA 

IP3 

Ionomycin 

Thapsigargin 

20  fS 

Ca2+  >  Ba2+,  Sr2+ 

>  Mn2+ 

Cd2+ 

La3+ 

Imidazole  derivatives 
Cytochrome  P450 
Inhibitors  (econazole) 

SMOC 

Ca2+ 

IP3 

IP4 

2-25  pS 

Ba2+  ~  Ca2+ 

~  Mn2+ 

? 

CAN 

IP3 

Thapsigargin 

Ca2+ 

10-50  pS 

Ca2+,  Na+,  K+ 

Quinine 

Quinidine 

Replacement  of  Na+  for 
NMDG 

aCRAC,  Ca2+  release-activated  Ca2+  channel;  SMOC,  second  messenger-operated  Ca2+ 
channel;  CAN,  Ca2+ -activated  nonspecific  cation  channel. 


EAA  metabotropic  receptor  activation.  Moreover,  substitution  of  Na+  ions  for 
Af-methyl-D-glucamine,  which  also  blocks  this  type  of  channel,  inhibits  the  QA- 
evoked  IP  response.46 


FACTORS  THAT  TRIGGER  THE  Ca2+  INFLUX 

Taking  into  account  the  results  from  the  rapid  kinetics  of  the  Ca2+  influx,  one 
could  accept  that  the  synthesis  of  IP3  is  required  to  trigger  the  Ca2+  influx.  The  next 
question  then  is,  does  IP3  activate  the  Ca2+  influx  directly  or  indirectly,  via  the 
released  Ca2+  from  the  endoplasmic  reticulum  pool,  via  the  IP4  synthesis,  or  via  the 
release  of  a  diffusible  factor  such  as  CIF?35  To  answer  this  question,  we  by-passed  the 
whole  transduction  system  associated  with  the  EAA  metabotropic  receptor  and  the 
synthesis  of  IP3.  This  was  performed  thanks  to  thapsigargin,  which  blocks  the  Ca2+ 
ATPase  responsible  for  pumping  the  cytosolic  Ca2+  into  the  endoplasmic  reticu¬ 
lum.52-53  This  leads  to  an  increase  in  intracellular  Ca2+,  independent  of  the  IP3 
synthesis.  Thapsigargin  produces  a  strong  depolarization  accompanied  by  a  Ca2+ 
influx  in  synaptoneurosomes.  The  chronology  of  these  two  events  has  been  eluci¬ 
dated  by  showing  that  (1)  thapsigargin  still  depolarizes  the  synaptoneurosomal 
membrane  when  Ca2+  influx  is  eliminated  by  reducing  free  extracellular  Ca2+  with 
the  chelating  agent  BAPTA;  and  (2)  an  intracellular  Ca2+  chelator,  BAPTA-AM 
(l,2-bis(2-aminophenoxy)ethane-A,.W,A/\JV  '-tetraacetic  acetoxymethylester),  strongly 
decreases  the  thapsigargin-induced  depolarization  and  the  Ca2+  influx.  Assuming 
that  the  first  step  of  action  of  thapsigargin  is  to  increase  intracellular  Ca2+  by 
blocking  the  Ca2+-ATPase,  one  can  deduce  that  the  second  event  is  the  intracellular 
Ca2+-induced  depolarization,  and  finally  the  influx  of  Ca2+  from  the  extracellular 
medium.  In  addition,  a  strong  correlation  exists  between  the  IP1  formation  elicited 
by  increasing  concentration  of  thapsigargin  and  the  [Ca2+]j  increase  (Fig.  4).  The 
correlation  also  holds  true  between  thapsigargin-induced  membrane  depolarization 
and  Ca2+  increase,  as  simultaneously  measured  using  two  fluorescent  dyes,  DiSC2(5) 
and  Fura-2,  respectively  (Fig.  5).  One  could  deduce  that  a  high  linkage  exists 
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between  these  three  phenomena:  IP3  synthesis,  membrane  depolarization,  and 
intracellular  Ca2+  increase. 


DO  EAA  AND  THAPSIGARGIN  TRIGGER  THE  SAME  MECHANISMS 
FROM  THE  FIRST  INTRACELLULAR  Ca2+  INCREASE? 

From  the  above  assumption,  one  could  expect  that  thapsigargin  and  QA  have  no 
cumulative  effects  on  the  IP  formation.  Moreover,  considering  that  only  60%  of  the 
IP1  formation  induced  by  QA  is  dependent  on  the  Ca2+  influx  as  previously 
demonstrated,  one  also  could  expect  that  QA-induced  IP  accumulation  is  larger  than 
thapsigargin-elicited  IP  accumulation;  these  two  assumptions  are  confirmed  by 
experiments.41  In  addition,  thapsigargin  and  QA  both  produce  a  Ca2+  entry,  which  is 
impermeable  to  Mn2+.  The  hypothesis  that  EAA  and  thapsigargin  activate  the  same 
mechanism  is  further  reinforced  by  the  fact  that  IP3  and  thapsigargin  are  supposed 
to  affect  the  same  intracellular  Ca2+  stores.5455  Finally,  the  Glu-elicited  IP  response 


100  110  120  130  140  150  160  170  180 

IP1  FORMATION 

(expressed  as  %  of  basal  IP1  formation) 

FIGURE  4.  Dose-dependent  effects  of  thapsigargin:  Correlation  between  the  intracellular 
Ca2+  increase  and  the  IP1  formation  produced  by  increasing  concentrations  of  thapsigargin  in 
8-day-old  rat  forebrain  synaptoneurosomes.  Thapsigargin  was  tested  at  concentrations  ranging 
from  0.1  to  10  p,M.  Each  value  is  the  mean  ±  SD  of  four  separate  experiments.  Experiments 
were  as  previously  described.18,48 


426  ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


(expressed  as  %  of  diSC2(5)  fluorescence) 

FIGURE  5.  Dose-dependent  effects  of  thapsigargin:  Correlation  between  the  intracellular 
Ca2+  increase  and  the  membrane  potential  produced  by  increasing  concentrations  of  thapsigar¬ 
gin  in  8-day-old  rat  forebrain  synaptoneurosomes  as  simultaneously  measured  using  two 
fluorescent  probes,  Fura-2  for  Ca2+  and  DiSC2(5)  for  membrane  potential.  Thapsigargin  was 
tested  at  concentrations  ranging  from  0.1  to  10  (jlM.  Each  value  is  the  mean  ±  SD  of  four 
separate  experiments.  Methods  were  as  previously  described.41'48 


is  also  partially  blocked  by  BAPTA-AM.  One  could  then  suppose  that  thapsigargin 
and  EAA  stimulate  the  same  mechanism  and  that  Ca2+  is  directly  implicated  in 
triggering  Ca2+  influx  from  the  extracellular  medium  rather  than  a  releasable 
substance  like  CIF. 

Because  most  neurotransmitter  receptors  linked  to  the  phosphoinositide  metabo¬ 
lism  produces  IP3  synthesis,  one  could  speculate  that  [Ca2+]rinduced  depolarization 
and  a  subsequent  Ca2+  influx  is  a  general  phenomenon.  However,  the  specificity  of 
such  a  mechanism  may  arise  from  the  fact  that  there  is  a  concomitant  association  of 
the  neurotransmitter  receptor  with  the  IP3-thapsigargin  sensitive  store,  a  [Ca2+]r 
sensitive  ionic  channel  producing  the  depolarization,  an  adequate  voltage- 
dependent  Ca2+  channel,  sensitive  to  this  depolarization,  and  the  presence  of 
Ca2+ -sensitive  PLC.  It  appears  that  such  an  association  is  not  always  found,  because 
in  our  experimental  model,  a  muscarinic  agonist,  carbachol,  does  not  at  all  trigger  the 
same  mechanism.41’46-48 

In  conclusion,  we  found  that  the  stimulation  of  mGluR  by  glutamate,  or  related 
agonists,  produces  a  self-maintained  increase  in  [Ca2+]j  (see  Fig.  6)  via  a  first 
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stimulation  of  IP3  formation,  which  in  turn  release  Ca2+  from  intracellular  stores. 
The  subsequent  modest  increase  in  [Ca2+]j  is  sufficient  to  activate  a  [Ca2+]r 
dependent  ionic  channels,  which  produces  a  depolarization.  This  depolarization 
opens  a  nonclassical  voltage-dependent  Ca2+  channel  and  allows  a  massive  Ca2+ 
influx  from  the  extracellular  medium.  The  subsequent  additional  [Ca2+]i  increase 
activates  Ca2+-sensitive  PLC,  likely  but  not  necessarily  different  from  that  directly 
linked  to  the  mGluR.  This  induces  a  further  IP3  production  and  the  above  cycle 
could  begin  again. 

Many  mechanisms  could  be  involved  in  stopping  this  cycle,  for  example,  a  [Ca2+]j 
threshold  for  activating  the  Na+/Ca2+  exchanger  to  inhibit  the  IP3  receptor  or  the 
[Ca2+]rdependent  ionic  channel,  the  exhaustion  of  the  intracellular  Ca2+  pool  or  the 
membrane  phosphoinositide  precursor  pool.  Nevertheless,  we  noticed  a  transient 
enhanced  activity  of  this  transduction  mechanism,  which  appears  to  be  specific  for 
the  glutamatergic  system,  at  a  period  of  development  when  synaptic  contact  is  being 
formed.56,57  Consequently,  this  mechanism  may  play  a  key  role,  when  high  [Ca2+];  is 
required  for  inducing  cytoskeletal  rearrangement  and  gene  expression  likely  neces¬ 
sary  for  shaping  and  maintaining  the  newly  formed  synaptic  contacts. 


Na+ 


Extracellular 


FIGURE  6.  Putative  mechanism  triggered  by  the  activation  of  metabotropic  glutamate  recep¬ 
tors  (mGluR).  (1)  Synthesis  of  inositol-1,4, 5-trisphosphate  (IP3)  from  the  membrane  precursor 
inositol  phospholipid:  phosphatidyinositol-4,5-bisphosphate  (PIP2).  (2)  Release  of  Ca2+  from 
the  endoplasmic  reticulum  following  IP3  interaction  with  its  receptor.  (3)  Activation  by 
intracellular  Ca2+  of  an  ion  channel,  likely  a  Ca2+- activated  nonspecific  cation  channel  (CAN). 
(4)  Activation  of  CAN  produces  a  local  depolarization,  which  (5)  opens  a  nonclassical 
voltage-dependent  Ca2+  channel  (VDCC).  (6)  The  massive  Ca2+  influx  originating  from  the 
extracellular  medium  activates  Ca2+-sensitive  phospholipase  C  (PLC),  and  possibly  the  PLC 
linked  to  the  mGluR.  (7)  Activation  of  the  Ca2+-dependent  PLC  further  increases  the  IP3 
formation.  This  proposed  mechanism  leads  to  a  self-sustained  or  even  self-amplified  intracellu¬ 
lar  Ca2+  concentration  increase. 
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Within  the  context  of  receptor  interactions,  ligand-gated  ion  channels  are  of  particu¬ 
lar  interest  because  their  activity  is  governed  by  signals  from  a  variety  of  modulatory 
sites,  each  of  which  contributes  to  coordinated  function.  In  this  regard,  the  Ar-methyl- 
D-aspartate  (NMD A)  receptor  is  a  multisubunit  structure  that  bears  binding  sites  for 
agonists  and  antagonists.1  Both  glutamate  and  glycine  are  required  to  effect  receptor 
function,  which  is  gating  of  a  cationic  channel  that  can  be  blocked  by  noncompetitive 
antagonists,  such  as  phencyclidine,  l-[l-(2-thienyl)cyclohexyl]piperidine  (TCP),  and 
dizocilpine.  In  fact,  function  of  the  channel  has  been  evaluated  by  assays  of  the 
binding  of  radiolabeled  noncompetitive  antagonists.  Some  of  these  studies  revealed 
cooperative  interactions  between  glutamate,  glycine,  and  spermidine,  suggesting  that 
these  modulators  act  at  distinct,  but  allosterically  coupled  sites  on  the  receptor.2 

Polyamines  are  ubiquitous  molecules  that  have  been  implicated  in  a  variety  of 
cellular  functions,  including  growth  and  development,  biosynthesis  of  nucleic  acids 
and  proteins,  and  regulation  of  mitochondrial  Ca2+.3  They  are  formed  via  a  pathway 
that  involves  the  decarboxylation  of  ornithine  to  form  putrescine.  Subsequent  steps 
involve  biosynthesis  of  the  charged  triamine  and  tetramine,  spermidine  and  sperm¬ 
ine,  respectively.  Positive  charges  on  polyamine  molecules  presumably  could  facili¬ 
tate  their  interactions  with  various  important  biologically  important  sites,  such  as 
negatively  charged  moieties  of  nucleic  acids  and  phospholipids  of  membranes. 

Evidence  for  a  neuromodulatory  role  of  polyamines  derives  from  a  variety  of 
sources.4  Polyamines  are  present  in  brain  at  high  concentrations  (about  400  fiM);3-5-6 
they  influence  behavioral  indices  of  central  nervous  system  excitability7  and  they 
inhibit  the  synaptosomal  uptake  of  choline  and  dopamine.8  Furthermore,  spermidine 
is  transported  axonally  in  sciatic  nerves,9  and  studies  of  cortical  slices  have  revealed  a 
high-affinity  uptake  system  and  Ca2+-stimulated  release  of  polyamines.10  Release  of 
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polyamines  from  synaptosomes  by  a  high  concentration  of  KC1  also  has  been 
observed.11 

Specific  interactions  of  polyamines  with  the  NMDA  receptor  have  been  observed 
both  biochemically  and  electrophysiologically.  Evidence  that  polyamines  facilitate 
NMDA  receptor  activation  is  evidenced  by  observations  that  they  enhance  binding 
of  [3H]dizocilpine  and  [3H]TCP  to  sites  within  the  NMDA  receptor  channel.12-16 
Supporting  data,  obtained  in  physiological  recordings  from  Xenopus  oocytes,  express¬ 
ing  NMDA  receptor,  have  revealed  that  spermine  potentiates  responses  to 
NMDA.5’17’18 


Spermidine  Concentration  (pM) 

FIGURE  1.  Enhancement  of  [3H]dizocilpine  binding  by  spermidine.  Well-washed  membranes 
(7  washes,  15  pg  protein)  obtained  from  rat  forebrain  (frontal  cortex  +  hippocampus)  were 
incubated  with  2  nM  ['H]dizocilpine  in  0.3  mL  10  mM  HEPES  •  KOH  buffer,  pH  7.4, 
containing  30  pM  glycine  at  20  °C.  Incubations  were  run  for  6  h  in  the  absence  or  presence  of  30 
pM  added  L-glutamate.  Binding  was  terminated  by  filtration  through  GF/B  filters  presoaked  in 
0.5%  polyethyleneimine.  Nonspecific  binding  was  determined  in  the  presence  of  1  pM  cold, 
unlabeled  dizocilpine.  Each  point  represents  the  average  specific  binding,  expressed  as  percent 
control,  of  triplicate  determinations  from  one  experiment.  Control  specific  binding  of  [3H]dizo- 
cilpine  was  0.13  ±  0.01  pmol/mg  protein  and  0.83  ±  0.05  pmol/mg  protein,  the  absence  or 
presence  of  90  pM  added  L-glutamate,  respectively  (mean  ±  SEM  for  triplicates).  Similar 
results  were  obtained  in  two  additional  experiments. 


The  mechanisms  by  which  polyamines  apparently  facilitate  opening  of  the 
NMDA  receptor  channel  have  been  investigated  by  assessing  their  effects  on  the 
binding  of  [3H]dizocilpine  under  various  conditions.19  In  most  of  these  studies, 
spermine  and  spermidine  stimulate  [3H]dizocilpine  binding.12,21-23  Without  added 
glutamate,  the  stimulation  is  substantial  (about  12-fold  in  our  studies),  at  the 
maximally  effective  concentration  of  spermidine  (about  500  pM)  (Fig.  1).  This  effect 
could  at  least  in  part  be  accounted  for  by  an  enhancement  in  the  affinity  of  the 
NMDA  receptor  for  agonist.  Nonetheless,  spermidine  also  produces  stimulation  in 
the  presence  of  a  saturating  concentration  of  glutamate24  (Fig.  1),  although  the 
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stimulation  is  much  smaller  in  magnitude.  This  stimulation  could  not  reflect  an 
increased  affinity  for  the  agonist,  and  suggests  that  spermidine  exerts  a  positive 
action  on  the  response  to  agonist  binding,  facilitating  agonist-induced  channel 
opening. 

Although  the  putative  mechanism  by  which  polyamines  may  alter  the  functional 
response  to  agonist  binding,  as  evidenced  by  increased  binding  of  noncompetitive 
agonists,  is  not  clarified,  direct  evidence  is  available  regarding  the  effects  of  poly¬ 
amines  on  NMDA  recognition  sites.  In  this  regard,  polyamines  enhance  the  binding 
of  [3H](+)-3-(2-carboxypiperazin-4-yl)-propyl-l-phosphonic  acid  ([3H]CPP),  a  com¬ 
petitive  antagonist  of  NMDA  or  glutamate  at  these  sites.13  A  similar  action  has  been 
observed  on  the  binding  of  [3H]CGP  39653,  another  competitive  antagonist  that  is 
highly  selective  for  NMDA  recognition  sites25  (see  Fig.  2). 

The  ability  to  stimulate  [3H]CGP  39653  binding  appears  to  be  a  property 
common  to  all  polyamines,  as  it  is  observed  when  incubations  are  performed  with 
spermine  and  putrescine  as  well  as  with  spermidine  (Fig.  2).  The  rank  order  of 
potencies  of  the  amines  is  inversely  related  to  the  number  of  amino  groups  in  the 
molecule,  indicating  that  the  number  of  positive  charges  determines  potency. 

The  view  that  polyamines  enhance  binding  to  NMDA  recognition  sites  by  an 
enhancement  of  affinity  for  the  radioligands  is  supported  by  a  recent  report  in  which 
spermine  reduced  the  for  [3H]CGP  39653  binding  from  about  15  nM  to  3  nM.2" 
However,  our  studies  of  [3H]CGP  39653  binding  to  well-washed  membranes  of  rat 
forebrain  indicated  behavior  consistent  with  a  two-site  model  (Fig.  3),  and  with  the 
existence  of  two  states  of  NMDA  recognition  sites,  exhibiting  Kd  values  of  approxi¬ 
mately  6  nM  and  200  nM  for  high-  and  lower-affinity  sites,  respectively.  Furthermore, 
as  the  high-affinity  sites  represented  a  small  fraction  (about  25%)  of  the  total  density 
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FIGURE  2.  Stimulation  of  [3H]CGP  39653  binding  by  polyamines.  Well-washed  membranes  of 
rat  forebrain  (24  p.g  protein)  were  incubated  with  3.2  nM  [3H]CGP  39653  in  0.3  mL  of  10  mM 
HEPES  •  KOH  buffer,  pH  8.0,  containing  various  concentrations  of  polyamines.  Incubations 
were  run  for  1  h  at  4  °C.  Binding  was  terminated  by  filtration  through  GF/B  filters  presoaked  in 
0.5  M  Tris  HC1,  pH  8.0,  containing  1  M  KC1  and  0.1  mM  glutamate.  Nonspecific  binding  was 
determined  in  the  presence  of  100  pM  NMDA.  Each  point  represents  the  average  specific 
binding,  expressed  as  percent  control,  of  triplicate  determinations  from  one  experiment. 
Specific  binding  of  [3H]CGP  39653  in  the  absence  of  added  polyamines  (control)  was  0.51  ± 
0.03  pmol/mg  protein  (mean  ±  SEM  for  triplicates).  Similar  results  were  obtained  in  two  to 
four  additional  experiments. 
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FIGURE  3.  Scatchard  analysis  of  [3H]CGP  39653  binding  to  well-washed  membranes  from  rat 
forebrain.  Membranes  (18  p,g  protein)  were  incubated  with  each  of  11  concentrations  of 
[3H]CGP  39653  (0.3-300  nM)  in  0.3  mL  10  mM  HEPES  ■  KOH  buffer,  pH  8.0,  at  4  °C  for  1  h. 
Nonspecific  binding  was  determined  in  the  presence  of  500  |xM  NMD  A.  Binding  was  termi¬ 
nated  by  filtration  through  GF/B  filters  presoaked  in  0.5  M  Tris  HC1  pH  8.0,  containing  1  M 
KC1  and  0.1  mM  glutamate.  Each  point  represents  the  mean  of  16  replicates  (quadruplicate 
determinations  from  four  separate  assays  performed  on  the  same  tissue  preparation).  Values  of 
Kd  and  Bmax  indicate  the  means  and  standard  errors  obtained  from  a  single  nonlinear, 
least-squares  regression  analysis  of  the  data  from  this  experiment.  Similar  results  were  obtained 
in  eight  additional  assays. 


of  specific  binding  sites  in  rat  forebrain,  additional  studies  of  polyamine  interactions 
with  NMDA  recognition  sites  seemed  warranted. 

Saturation  studies  of  [3H]CGP  39653  binding,  therefore,  were  performed  in  the 
absence  of  added  polyamines,  and  were  compared  to  data  obtained  when  500  p,M 
spermidine  was  added  to  the  incubations  (Fig.  4).  The  concentration  of  spermidine 
was  selected  on  the  basis  of  its  ability  to  induce  an  approximately  fivefold  increase  in 
the  binding  of  [3H]CGP  39653  (FlG.  2).  When  spermidine  was  added,  Scatchard 
analysis  of  the  resultant  data  did  not  support  a  two-site  model,  because  only  one 
population  of  sites  was  apparent  (FlG.  4B).  The  affinity  of  the  sites  corresponded 
closely  to  that  of  the  high-affinity  portion  of  binding  obtained  in  the  absence  of  added 
spermidine  (Figs.  3  and  4A).  Furthermore,  in  the  presence  of  spermidine,  the 
density  of  sites  (Bmax)  was  nearly  equal  to  the  sum  of  the  densities  of  high-  and 
low-affinity  sites  assayed  in  the  control  condition,  and  close  to  the  density  of  sites 
assayed  with  [3HJdizocilpine  (about  5  pmol/mg  protein).  Therefore,  it  appeared  that 
the  major  reason  for  the  spermidine-induced  enhancement  of  [3H]CGP  39653 
binding  was  not  to  increase  the  affinity  of  the  sites,  but  rather  to  convert  the 
low-affinity  sites  to  a  high-affinity  conformation.  Nonetheless,  the  present  data 
suggest  that  spermidine  may  also  produce  a  slight  enhancement  in  affinity  of  the 
high-affinity  sites. 

Competition  assays  revealed  that  the  sites  converted  by  spermidine  from  a  low-  to 
a  high-affinity  conformation  had  a  pharmacological  profile  consistent  with  that  of 
NMDA  recognition  sites,  and  similar  or  identical  to  that  of  high-affinity  sites  labeled 
in  the  absence  of  added  spermidine.  Under  both  conditions,  ligands  for  NMDA 
recognition  sites  (NMDA,  glutamate,  CPP,  and  (±)2-amino-5-phosphonopentanoic 


434 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


A  B 


[3H]CGP  39653  Bound  (pmol/mg  protein) 

FIGURE  4.  Effect  of  spermidine  on  parameters  of  [3H]CGP  39653  binding  in  well-washed 
membranes  of  rat  forebrain  (see  Fig.  3  legend  for  assay  procedure).  Results  are  shown  of  an 
experiment  performed  in  quadruplicate  using  the  same  membrane  preparation  in  the  absence 
(A)  and  presence  (B)  of  500  |xM  spermidine.  Values  of  Kd  and  Bmax  are  the  means  ±  SEM  for 
individual  Scatchard  analyses.  Similar  results  were  obtained  in  three  additional  experiments. 

acid)  had  much  higher  potencies  than  ligands  for  non-NMDA  glutamate  binding 
sites  (quisqualic  acid,  kainic  acid,  cystine,  fnms-l-amino-cyclopentyl-l,3-decarboxyl- 
ate);  and  the  potencies  of  the  inhibitors  in  the  absence  of  spermidine  were  highly 
correlated  with  corresponding  potencies  when  spermidine  was  added. 

The  results  of  these  studies  are  consistent  with  the  view  that  polyamines 
modulate  activity  of  the  NMDA  receptor  by  at  least  two  mechanisms.  One  of  these, 
inferred  from  the  stimulation  of  [3H]dizocilpine  binding  in  the  presence  of  saturating 
concentrations  of  glutamate,  is  independent  of  an  action  on  affinity  of  NMDA 
recognition  sites.  Another  mechanism  of  polyamine-induced  activation  of  the  NMDA 
receptor,  as  evidenced  by  an  increase  in  the  binding  of  noncompetitive  antagonists  to 
the  channel,  appears  to  involve  an  enhancement  in  the  sensitivity  of  NMDA 
recognition  sites.  Although  previous  studies  have  indicated  that  this  action  reflects 
an  increase  in  affinity  of  the  sites,  the  present  report  demonstrates  that  a  major 
aspect  of  the  spermidine-induced  increases  in  binding  to  these  sites  is  through  a 
conversion  of  NMDA  recognition  sites  from  a  low-affinity  conformation  to  one  of 
high  affinity.  This  action  of  polyamines  is  a  function  of  the  number  of  amine  groups 
on  the  molecule  and  is  shared  by  a  variety  of  organic  and  inorganic  cations.26 
Therefore,  relatively  nonspecific  stimulatory  effects  of  cations  on  the  NMDA  recep¬ 
tor  could  be  relevant  to  receptor  function  in  vivo,  and  this  has  implications  for  the 
interpretation  of  in  vitro  assays  of  NMDA  receptors. 

REFERENCES 

1.  Nakanishi,  S.  1992.  Molecular  diversity  of  glutamate  receptors  and  implications  for  brain 

function.  Science  258:  597-603. 

2.  Ransom,  R.  W.  &  N.  L.  Stec.  1988.  Cooperative  modulation  of  [3H]MK-801  binding  to 

the  /V'-methyl-D-aspartate  receptor-ion  channel  complex  by  L-glutamate,  glycine,  and 
polyamines.  J.  Neurochem.  51:  830-836. 


LONDON  &  MUKHIN:  POLYAMINES  AS  MODULATORS 


435 


3.  Tabor,  C.  W.  &  H.  Tabor.  1984.  Polyamines.  Annu.  Rev.  Biochem.  53:  749-790. 

4.  Shaw,  G.  G.  1979.  The  polyamines  in  the  central  nervous  system.  Biochem.  Pharmacol. 

28:  1-6. 

5.  Seiler,  N.  &  F.  N.  Bolkenius.  1985.  Polyamine  reutilization  and  turnover  in  brain. 

Neurochem.  Res.  10: 529-544. 

6.  Slotkin,  T.  A.  &  J.  Bartolome.  1986.  Role  of  ornithine  decarboxylase  and  the  poly¬ 

amines  in  nervous  system  development:  A  review.  Brain  Res.  Bull.  17:  307-320. 

7.  Anderson,  D.  J.,  J.  Crossland  &  G.  G.  Shaw.  1975.  The  actions  of  sperimidine  and 

spermine  on  the  central  nervous  system.  Neuropharmacology  14:  571-577. 

8.  Law,  C.-L.,  P.  C.  L.  Wong  &  W.-F.  Fong.  1984.  Effects  of  polyamines  on  the  uptake  of 

neurotransmitters  by  rat  brain  synaptosomes.  J.  Neurochem.  42:  870-872. 

9.  Lindquist,  T.  D.,  J.  A.  Sturman,  R.  M.  Gould  &  N.  A.  Ingoglia.  1985.  Axonal  transport 

of  polyamines  in  intact  and  regenerating  axons  of  the  rat  sciatic  nerve.  J.  Neurochem. 
44: 1913-1919. 

10.  Harman,  R.  J.  &  G.  G.  Shaw.  1981.  High-affinity  uptake  of  spermine  by  slices  of  rat 

cerebral  cortex.  J.  Neurochem.  36:  1609-1615. 

11.  Gilad,  G.  M.  &  V.  H.  Gilad.  1991.  Polyamine  uptake,  binding  and  release  in  rat  brain. 

Eur.  J.  Pharmacol.  193:  41-46. 

12.  Williams,  K.,  C.  Romano  &  P.  B.  Molinoff.  1989.  Effects  of  polyamines  on  the  binding 

of  [3H]MK-801  to  the  N-methyl-D-aspartate  receptor:  Pharmacological  evidence  for  the 
existence  of  a  polyamine  recognition  site.  Mol.  Pharmacol.  36:  575-581. 

13.  Carter,  C.  J.,  K.  G.  Lloyd,  B.  Zivkovic  &  B.  Scatton.  1990.  Ifenprodil  and  SL  82.0715 

as  cerebral  antiischemic  agents.  III.  Evidence  for  antagonistic  effects  at  the  polyamine 
modulatory  site  within  the  N-methyl-D-aspartate  receptor  complex.  J.  Pharmacol.  Exp. 
Ther.  253:  475—482. 

14.  Anis,  N.,  S.  Sherby,  R.  Goodnow,  Jr.  et  al  1990.  Structure-activity  relationships  of 

philanthotoxin  analogs  and  polyamines  on  N-methyl-D-aspartate  and  nicotinic  acetyl¬ 
choline  receptors.  J.  Pharmacol.  Exp.  Ther.  254:  764-773. 

15.  Steele,  J.  E.,  D.  M.  Bowen,  P.  T.  Francis,  A.  R.  Green  &  A.  J.  Cross.  1990.  Spermidine 

enhancement  of  [3H]MK-801  binding  to  the  NMDA  receptor  complex  in  human 
cortical  membranes.  Eur.  J.  Pharmacol.  189: 195-200. 

16.  Robinson,  T.  N.,  C.  Robertson,  A.  J.  Cross  &  A.  R.  Green.  1990.  Modulation  of 

[3H]-dizocilpine  ([3H]-MK-801)  binding  to  rat  cortical  TV-methyl-D-aspartate  receptors 
by  polyamines.  Mol.  Neuropharmacol.  1:  31-35. 

17.  Brackley,  P.  R.,  J.  R.  Goodnow,  K.  Nakanishi,  H.  L.  Sudan  &  P.  N.  R.  Usherwood. 

1990.  Spermine  and  philanthotoxin  potentiate  excitatory  amino  acid  responses  of 
Xenopus  oocytes  injected  with  rat  and  chick  brain  RNA.  Neurosci.  Lett.  114:  51-56. 

18.  McGurk,  J.  F.,  M.  V.  L.  Bennett  &  R.  S.  Zukjn.  1990.  Polyamines  potentiate  responses 

of  N-methyl-D-aspartate  receptors  expressed  in  Xenopus  oocytes.  Proc.  Natl.  Acad.  Sci. 
USA  87:  9971-9974. 

19.  Williams,  K.,  C.  Romano,  M.  A.  Dichter  &  P.  B.  Molinoff.  1991.  Modulation  of  the 

NMDA  receptor  by  polyamines.  Life  Sci.  48:  469-498. 

20.  Barker,  M.  H.  M,  R.  M.  McKernan,  E.  H.  F.  Wong  &  A.  C.  Foster.  1991.  [3H]MK-801 

binding  to  A-methyl-D  -aspartate  receptors  solubilized  from  rat  brain:  Effects  of  glycine 
site  ligands,  polyamines,  ifenprodil,  and  desipramine.  J.  Neurochem.  57:  39^15. 

21.  Javitt,  D.  C,  M.  J.  Frusciante  &  S.  R.  Zukin.  1994.  Activation-related  and  activation- 

independent  effects  of  polyamines  on  phencyclidine  receptor  binding  within  the 
A-methyl-D-aspartate  receptor  complex.  J.  Pharmacol.  Exp.  Ther.  270:  604-613. 

22.  Subramaniam,  S.  &  P.  McGonigle.  1991.  Quantitative  autoradiographic  characteriza¬ 

tion  of  the  binding  of  (+)-5-methyl-10,ll-dihydro-5H-dibenzo[a,d]cyclo-hepten-5,10- 
imine  ([3H]MK-801)  in  rat  brain:  Regional  effects  of  polyamines.  J.  Pharmacol.  Exp. 
Ther.  256:  811-819. 

23.  Romano,  C.,  K.  Williams  &  P.  B.  Molinoff.  1991.  Polyamines  modulate  the  binding  of 

[3H]MK-801  to  the  solubilized  A-methyl-D-aspartate  receptor.  J.  Neurochem.  57:  811- 
818. 

24.  Romano,  C.,  K.  Williams,  S.  Depriest,  et  al  1992.  Effects  of  mono-,  di-,  and  triamines  on 


436 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


the  N-methyl-D-aspartate  receptor  complex:  A  model  of  the  polyamine  recognition  site. 
Mol.  Pharmacol.  41:  785-792. 

25.  Reynolds,  I.  J.  1994.  [3H]CGP  39653  binding  to  the  agonist  site  of  the  N-methyl-D- 

aspartate  receptor  is  modulated  by  Mg2+  and  polyamines  independently  of  arcaine- 
sensitive  polyamine  site.  J.  Neurochem.  62:  54-62. 

26.  Mukhin,  A.,  E.  S.  Kovaleva  &  E.  D.  London.  1994.  Effects  of  mono-  and  divalent 

cations  on  binding  properties  of  NMDA  recognition  sites.  Submitted. 


Effects  of  Systematically  Administered 
Polyamines  on  Imipramine  Immobility 
Action  in  Rats 


K.  SZCZAWINSKA 
AND  D.  CENAJEK-MUSIAL 

Department  of  Pharmacology 
K.  Marcinkowski  University  of  Medical  Sciences,  Poznan 
10  Fredry  Street 
61-701  Poznan,  Poland 


The  main  natural  polyamines  (PA) — spermidine  (SPD)  and  spermine  (SPM) — and 
their  precursor  putrescine  (PUT)  are  organic  cations  of  low  molecular  weight, 
ubiquitously  distributed  in  living  organisms.  They  are  present  in  high  concentration 
in  the  adult  mammalian  nervous  system  with  wide  regional  variations.1  Several  and 
different  experimental  results  suggest  that  natural  PA  may  function  as  modulators  of 
different  central  neurotransmitter  systems,  but  little  information  concerning  the 
possible  pharmacological  activity  of  PA  or  their  interaction  with  drugs  is  available  at 
present.2’3  However,  recent  studies  of  particular  significance  to  pharmacologists 
report  on  aminoglycoside  antibiotic  neomycin4  and  neuroprotective  agent  ifenprodil5 
interactions  at  a  PA  site  on  the  JV-methyl-D-aspartate  (NMD A)  receptor.  We  found 
previously  that  exogenously  administered  PA  modulate  the  anxiolytic  effects  of  some 
1,4-benzodiazepines.6  The  present  work  was  aimed  at  determining  whether  antide- 
pressive  activity  of  imipramine  (IMI)  is  also  affected  by  PA.  Moreover,  the  MK-801, 
a  noncompetitive  NMDA  receptor  antagonist7  was  used  because  it  was  found  to 
affect  the  IMI  activity  in  rats.8 


MATERIALS  AND  METHODS 

The  experiments  were  carried  out  on  nonfasted  male  Wistar  rats.  IMI  (10  mg/kg) 
was  administered  intraperitoneally  twice:  24  and  1  h  before  the  test;  in  a  second 
experiment  it  was  given  nine  times:  once  a  day  for  nine  days  with  the  last  dose  given  1 
h  before  the  test.  PUT  (200  mg/kg),  SPD  (80  mg/kg),  and  SPM  (40  mg/kg)  were 
given  1  h  prior  to  the  test.  MK-801  (0.1  mg/kg)  was  injected  30  min  after  the  last  dose 
of  drugs.  The  antidepressant  effect  of  IMI  was  assessed  in  the  forced  swimming  test. 


RESULTS 

After  a  single  injection  of  PA,  only  the  PUT-treated  group  was  immobile  for  a 
shorter  time  than  control:  171.0  ±  13.6  s  and  231.0  ±  6.0  s,  respectively  (p  <  0.05  vs. 
control).  PUT  was  as  effective  as  IMI  given  twice:  157.8  ±  7.1  s  (p  <  0.05  vs.  control). 
When  PA  were  co-administered  with  IMI  the  reduced  immobility  was  observed  after 
injection  of  IMI  +  SPM:  106.7  ±  8.1  s  (p  <  0.05  vs.  IMI-treated  group).  The 
combined  treatment  with  SPD  +  IMI  +  MK-801  and  SPM  +  IMI  +  MK-801 
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reduced  significantly  the  immobility  time:  92.5  ±  18.2  s  and  97.0  ±  10.6  s  (p  <  0.05 
vs.  control  and  IMI-treated  group),  respectively. 

In  summary,  these  results  suggest  that  different  effects  of  PA  on  IMI  activity 
could  be  mediated  by  an  excitatory  amino  acid  (EAA)-ergic  system;  however,  for 
PUT  +  IMI,  the  GABA-ergic  system  must  also  be  considered. 
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The  retina  has  served  in  many  studies  as  a  model  for  studying  neuronal  function 
because  it  is  easily  accessible  and  because  of  its  laminar  arrangements  of  a  limited 
number  of  basic  neuron  types.  The  retina  contains  almost  every  neurotransmitter 
known,  but  glutamate  and  y-aminobutyric  acid  (GABA)  predominate;  glutamate  is 
present  in  the  photoreceptors  and  bipolar  and  ganglion  cells,1’2  whereas  GABA  is  the 
neurotransmitter  in  the  horizontal  cells  and  in  many  amacrine  cells. 1-4  Each  neuro¬ 
transmitter  can  generate  various  types  of  responses  at  its  receptors,  and,  apparently, 
the  specific  glutamate  and  GABA  transporters  involved  in  neurotransmitter  uptake 
are  also  involved  in  determining  the  synaptic  activity  levels.  Thus,  although  we 
normally  think  of  vesicular  release  of  the  neurotransmitters,  studies  with  retina  cells 
have  provided  evidence  that  the  membrane  transporters  are  important  in  releasing 
GABA.59 

The  existing  data  on  the  mechanism(s)  of  GABA  release  by  GABAergic  neurons, 
including  retina  cells,  are  not  consistent,  and  at  least  two  alternate  hypotheses  for 
GABA  release  have  been  proposed:  one  favoring  the  classical  Ca2+-dependent 
exocytotic  mechanism1011  and  another  postulating  the  reversal  of  the  Na+- 
dependent  carrier.5’8’912’13  Some  recent  studies  carried  out  with  embryonic  chick 
retina  cells6  called  our  attention  to  the  fact  that  these  cells  apparently  do  not  exhibit 
Ca2+-dependent  release  of  GABA  in  response  to  K+  depolarization  or  to  glutamate, 
suggesting  that  the  release  would  be  entirely  nonvesicular,  although  contradictory 
reports  now  are  found  in  the  literature.5  8’914  The  presence  of  only  Ca2+-independent 
release  of  GABA  in  chick  retina  cells  due  to  depolarization  would  be  unequivocal 
evidence  that  nonvesicular  release  may  constitute  a  physiological  means  for  GABA 
release. 

Therefore,  we  used  cultured  embryonic  chick  retina  cells  to  study  in  detail  the 
mechanism(s)  of  [3H]GABA  release  stimulated  by  K+  depolarization  or  by  gluta¬ 
mate  through  its  receptors,  and  by  the  specific  glutamate  receptor  agonists,  V-methyl- 
D-aspartate  (NMD A),  kainate  (KA),  quisqualate  (QA),  a-amino-3-hydroxy-5-methyl- 
4-isoxazolepropionic  acid  (AMPA)  or  (lS,3R)-l-aminocyclopentane-l,3-dicarboxylic 
acid  (1S,3R-ACPD).  We  studied  in  particular  the  Ca2+  requirement  for  [3H]GABA 
release  under  conditions  in  which  the  carrier  mediated  [3H]GABA  release  was 
blocked  by  l-(2-(((diphenylmethylene)amino)oxy)ethyl)-l,2,5,6-tetrahydro-3-pyri- 
dinecarboxylic  acid  (NNC-711),  a  specific  inhibitor  of  the  GABA  carrier.15  The 
NMDA  receptor  is  permeable  to  Ca2+,  Na+,  and  K+,  which  will  depolarize  the 

“This  work  was  supported  by  JNICT  (Portuguese  Research  Council),  Portugal. 

6  Corresponding  author. 
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membrane  and  thus  activate  voltage-sensitive  Ca2+-channels  (VSCCs),  resulting  in  a 
composite  [Ca2+]j  signal  due  to  Ca2+  influx  through  the  receptor-associated  channel 
and  through  VSCCs.1617  The  KA  and  AMPA  receptors  are  generally  regarded  as  low 
Ca2+  permeability  receptors  and  activation  of  these  receptors  is  thought  to  increase 
the  [Ca2+]j  mainly  via  the  VSCCs,  although  some  Ca2+  permeable  KA  and  AMPA 
receptors  have  been  described.1^20  Also,  the  metabotropic  glutamate  receptors  may 
increase  the  [Ca2+];  through  activation  of  phospholipase  C,  leading  to  the  formation 
of  inositol  1,4,5-triphosphate  which  releases  Ca2+  from  intracellular  stores.21 

Because  the  Ca2+  signals  generated  by  either  K+  depolarization  or  by  activation 
of  glutamate  receptors  are  diverse,  they  probably  have  distinct  functions  within  the 
neurons.  Thus,  we  considered  it  of  importance  to  dissect  the  [Ca2+],  signals  gener¬ 
ated  by  K+  depolarization  and  by  activation  of  each  of  the  glutamate  receptors  in  the 
same  chick  retina  cell  cultures  enriched  in  amacrine-like  neurons.6 


EMBRYONIC  CHICK  RETINA  CELLS  DISPLAY  CALCIUM-DEPENDENT 

RELEASE  OF  [3H]GABA 

We  used  monolayers  of  embryonic  retina  cells  previously  loaded  with  the 
fluorescent  indicator  Indo-1  or  [3H]GABA,  and  followed,  respectively,  the  [Ca2  ‘], 
responses  and  the  release  of  [3H]GABA  induced  by  50  mM  KC1.  Depolarization 
rapidly  increased  the  [Ca2+];  by  748.8  ±  43.8  nM  (Fig.  1  A),  and  the  initial  peak  was 
followed  by  a  slow  decrease  of  the  [Ca2+]i  towards  a  plateau  at  172  ±  16.5  nM  (n  =  7) 
above  the  resting  value  (Fig.  1A),  suggesting  that  the  cells  nearly  recovered  the 
initial  [Ca2+];  shortly  after  depolarization.8 

The  results  of  parallel  studies  show  that  the  KC1  depolarization  in  the  absence  of 
Ca2+  released  about  1%  of  the  total  [3H]GABA  accumulated  and  that  Ca2+  further 
increased  the  release  of  [3H]GABA  to  over  2%  release  (Fig.  IB).  Both  the  changes 
in  [Ca2+]j  and  the  release  of  [3H]GABA  could  be  blocked  partially  by  nitrendipine 
(0.1  (iM),  but  w-conotoxin  GVIA  (o-CgTx;  0.5  p,M),  which  blocked  the  changes  in 
[Ca2+]j  by  about  27%,  did  not  influence  the  [3H]GABA  release  (Table  1).  Thus,  it 
appears  that  in  retina  cells  in  culture  Ca2+  entry  through  the  L-type  of  VSCCs  is 
coupled  to  the  release  of  [3H]GABA.8 

These  results  lead  us  to  conclude  that  depolarization  of  cultured  retina  cells  with 
50  mM  KC1  induces  Ca2+-dependent  release  of  [3H]GABA,  in  addition  to  carrier- 
mediated  release  (Fig.  IB).  Thus,  at  least  some  of  the  embryonic  cells  of  the  retina 
have  the  exocytotic  mechanism  for  releasing  [3H]GABA.  Furthermore,  the  Ca2+- 
dependent  release  appears  to  be  initiated  by  Ca2+  entering  through  the  L-type  Ca2+ 
channels  rather  than  through  the  N-type,  which  seems  more  common  for  brain 
tissue. 

The  Ca2+ -independent  release  of  [3H]GABA  induced  by  K+  depolarization  can 
be  blocked  by  NNC-711  (10  |xM),  which  has  been  shown  to  block  the  GABA 
carrier.15  In  Figure  IB  (inset),  we  show  that,  in  the  absence  of  Ca2+,  NNC-711 
completely  abolished  the  release  of  [3H]GABA  induced  by  50  mM  KC1,  and  that,  in 
the  presence  of  Ca2+  (1  mM),  the  GABA  carrier  blocker  inhibited  the  release  by 
about  66%,  but  did  not  appear  to  affect  the  Ca2+ -dependent  release. 


GLUTAMATE  INCREASES  THE  [Ca2+L  BUT  STIMULATES 
Ca2+ -INDEPENDENT  RELEASE  OF  [3H]GABA 

Glutamate  has  also  been  found  to  increase  the  intracellular  [Ca2+]  in  several  cell 
type  cultures,  but  there  is  controversy  as  to  whether  the  effect  of  glutamate  on  the 
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release  of  [3H]GABA  is  mediated  through  a  rise  in  [Ca2+].5~9-13-14  We  found  that  in 
chick  retina  cell  cultures,  which  exhibit  Ca2+ -dependent  release  of  [3H]GABA  when 
stimulated  with  50  mM  KC1  (see  above),  Ca2+  was  inhibitory  when  the  release  was 
induced  by  glutamate  (Fig.  2A).  As  in  the  case  of  KC1  depolarization,  glutamate 
depolarization  increased  the  [Ca2+]j  (A[Ca2+]i;  Fig.  2B)  through  activation  of  L-type 
VSCCs  because  nitrendipine  inhibited  the  A[Ca2+]i  by  about  50%,  whereas  co-CgTx 
was  without  effect.9 


FIGURE  1.  Intracellular  Ca2+  concentration  ([Ca2+]i  )  response  (A)  and  [3H]GABA  release 
(B)  stimulated  by  KC1  depolarization.  (A)  The  cells  were  loaded  with  the  fluorescent  indicator 
Indo-1,  and  the  [Ca2H_]j  was  determined  as  previously  described.8-9  After  4  min  of  preincubation 
in  Na+  medium  (in  mM:  132  NaCl,  4  KC1, 1.4  MgCb,  6  glucose,  and  10  HEPES-Na,  pH  7.4),  the 
cells  were  stimulated  with  50  mM  KC1.  (B)  The  cells  were  loaded  with  [3H]GABA  for  1  h  at 
37  °C  and  perfused,  using  a  superfusion  system,  with  Na+  medium,  with  or  without  added  Ca2+. 
Where  indicated,  the  cells  were  depolarized  by  replacing  NaCl  isoosmotically  by  50  mM  KC1 
(horizontal  bar).  The  release  of  [3H]GABA  is  expressed  as  previously  described.8-9  (Inset) 
Effect  of  NNC-711  on  the  release  of  [3H]GABA  induced  by  K+  depolarization.  When  NNC-711 
(10  pM)  was  tested,  a  preincubation  of  1  min  with  the  drug  was  performed.  The  data  are 
presented  as  means  ±  SEM  (n  =  4-11).  ‘Significantly  different  from  control,/?  <  0.005. 


Furthermore,  the  effect  of  glutamate  on  the  [3H]GABA  release  is  in  fact 
mediated  through  glutamate  receptors  because  1  p,M  (+)-5-methyl-10,ll-dihydro- 
5H-dibenzo[a,b]cyclohepten-5,10-imine  maleate  (MK-801)  inhibited  it  by  about 
40%,  and  the  combination  of  1  p.M  MK-801  and  10  p,M  6-cyano-7-nitroquinoxaline- 
2,3-dione  (CNQX)  nearly  inhibited  it  by  100%.9  The  release  of  [3H]GABA  induced 
by  glutamate  in  the  presence  or  in  the  absence  of  Ca2+  was  nearly  all  carrier 
mediated,  as  shown  in  Figure  3  depicting  the  effect  of  10  p,M  NNC-711  on 
[3H]GABA  release.  This  drug  blocked  the  uptake  of  [3H]GABA  in  chick  retina  cells 
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table  i.  Effect  of  Ca2+  Channel  Blockers  on  A[Ca2+]i  and  [3H]GABA  Release 
Induced  by  KC1  Depolarization" _ _ _ 


Control 

Nitrendipine 
(0.1  pM) 

co-Cg  Tx 
(0.5  pM) 

A[Ca  2+]j 
(nM) 

748.8  ±43.8 
(«  =  8) 

265.5  ±  14.4 
(n  =  5) 

546.5  ±  27.7 
(n  =  7) 

[3H]GABA  release 
(%  of  total) 

2.22  ±  0.2 
(n  =  11) 

1.32  ±  0.11 
(n  =  4) 

1.96  ±  0.3 
(n  =  7) 

Note:  The  experimental  conditions  were  similar  to  those  described  in  Figure  1.  When 
present,  nitrendipine  was  applied  1  min  prior  to  stimulation  with  KC1,  whereas  for  w-CgTx  the 
cells  were  treated  as  described  previously.8 


"Adapted  from  Duarte  et  al.& 


(not  shown)  and  completely  blocked  the  release  of  [3H]GABA  evoked  by  100  |xM 
glutamate  in  the  absence  of  Ca2+  (Fig.  3).  At  1  mM,  Ca2+  again  inhibited  the  release 
in  the  absence  of  NNC-711;  in  the  presence  of  the  drug  the  release  of  [3H]GABA 
evoked  by  glutamate,  in  Ca2+ -containing  or  in  Ca2+-free  media,  was  not  significantly 
different  ( p  =  0.097).  The  results  suggest  that  relatively  little  or  no  exocytotic 
(Ca2+-dependent)  release  was  induced  by  glutamate.  We  studied  further  the  Ca-+- 
dependent  release  of  [3H]GABA  mediated  by  the  glutamate  receptor  agonists, 
NMD  A,  KA,  QA,  and  AMP  A,  under  conditions  of  blockade  of  the  GABA  carrier  by 
NNC-711,  to  avoid  carrier  mediated  release  (see  below). 


Glu 


FIGURE  2.  Glutamate  stimulated 
[3H]GABA  release  (A)  and  [Ca2+]i 
changes  (B)  in  cultured  chick  retina 
cells.  (A)  The  cells  were  stimulated 
with  100  |xM  glutamate,  as  indicated 
by  the  horizontal  bar,  in  Na+  medium 
with  or  without  added  Ca2+.  The  re¬ 
lease  of  [3H]GABA  is  expressed  as 
previously  described.8’9  The  data  are 
presented  as  means  ±  SEM.  ( n  = 
7-8).  (B)  The  cells  were  preincubated 
for  4  min  in  Na+-medium  and,  where 
indicated,  100  pM  glutamate  was 
added. 
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INDIVIDUAL  GLUTAMATE  AGONISTS  INDUCE  BOTH  Ca2+ -INDEPENDENT 
AND  Ca2+-DEPENDENT  RELEASE  OF  [3H]GABA 

The  results  described  above  suggest  that  nearly  100%  of  the  [3H]GABA  release 
evoked  by  glutamate  was  Ca2+-independent  and  occurs  through  the  GABA  carrier. 
In  this  section  we  show  that  stimulation  of  the  individual  ionotropic  glutamate 
receptors,  namely  the  NMD  A  and  AMPA  receptors,  induced  a  significant  Ca2+- 
dependent  release  of  [3H]GABA,  although  most  release  is  Ca2+  independent,  as  in 
the  case  of  glutamate  presented  in  the  previous  section. 

Stimulation  of  the  cells  with  200  p,M  NMDA  (under  50  mM  K+  depolarization) 
in  the  presence  of  glycine  (3  |xM)  and  in  the  absence  of  Ca2+,  produced  a  release  of 
[3H]GABA  of  about  7%  per  minute  of  the  total  [3H]GABA  accumulated,  as 


FIGURE  3.  Effect  of  NNC-711  on  the  cumulative  release  of  [3H]GABA  induced  by  glutamate 
(100  |xM)  in  Na+  medium,  with  or  without  added  Ca2+.  When  the  effect  of  NNC-711  (10  |xM) 
was  tested,  the  cells  were  perfused  with  NNC-711  1  min  prior  to  stimulation  (horizontal  bar) 
with  glutamate.  The  release  of  [3H]GABA  is  expressed  as  previously  described.8-9  The  data  are 
presented  as  means  ±  SEM  ( n  =  3-8). 


compared  to  about  1%  per  minute  of  the  release  produced  by  50  mM  KC1  (Fig.  4). 
This  effect  was  completely  blocked  by  1  p.M  MK-801.9  Glutamate  alone  had  an  effect 
similar  to  that  of  NMDA  +  K+  +  glycine.  Thus,  either  glutamate  or  NMDA  causes 
massive  release  of  [3H]GABA  which  is  Ca2+  independent.  Similar  results  were 
obtained  for  KA  (100  p.M)  and  QA  (10  p.M),  and  this  effect  was  nearly  all  reversed 
by  10  p-M  CNQX  (Fig.  5).  Thus,  chick  retina  cells  stimulated  with  KA  released  about 
6.44%  of  the  total  [3H]GABA/min  in  a  Na+  medium  without  Ca2+,  and  QA  released 
about  1.68%  per  minute  under  the  same  conditions.  These  results  suggest  that  both 
agents  are  acting  on  non-NMDA  receptors  and  that  the  effect  is  Ca2+  independent. 

To  evaluate  the  effect  of  Ca2+  on  the  release  of  [3H]GABA  evoked  by  the 
glutamate  receptor  agonists,  we  stimulated  the  cells  with  glutamate  receptor  agonists 
for  short  periods  (1  min),  in  the  presence  and  in  the  absence  of  Ca2+.  Short  periods 
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«—  NMDA+K++Gly 

■e —  Glu 
-e—  NMDA+K^" 


■a —  K+ 

-a —  NMDA+K+ 
+Gly+MK-801 


FIGURE  4.  Effect  of  continuous  stimulation  with  glutamate,  K+  depolarization  or  NMDA 
under  K+  depolarization  on  the  release  of  [3H]GABA,  in  the  absence  of  added  Ca2+.  Where 
indicated  (horizontal  bar),  the  superfusion  solution  was  replaced  by  Na+  medium  containing 
100  |jlM  glutamate  or  K+  medium  prepared  by  isoosmotic  replacement  of  NaCl  by  50  mM  KC1. 
When  glycine  (3  |xM)  or  MK-801  (1  pM)  was  tested,  the  cells  were  perfused  with  these  agents  1 
min  prior  to  stimulation  with  the  stimulating  agents.  The  release  of  [3H]GABA  is  expressed  as 
previously  described.8-9  The  data  are  presented  as  means  ±  SEM  (n  =  3-10). 


of  stimulation  were  used  in  the  presence  of  Ca2+  to  avoid  toxicity  phenomena  due  to 
long  exposures  of  the  cells  to  glutamate.22  Either  NMDA,  KA,  QA,  or  AMPA 
increased  the  [Ca2+]j  in  chick  retina  cells  only  if  extracellular  Ca2+  were  present  (not 
shown).  The  presence  of  Ca2+  significantly  increased  the  release  of  [3H]GABA  due 
to  stimulation  by  KA,  QA  or  AMPA,  but  inhibited  the  release  induced  by  NMDA 
from  7.36  ±  0.87,  in  the  absence  of  Ca2+,  to  4.05  ±  0.39%  in  the  presence  of  Ca2+ 
(Table  2).  All  agonists  increased  the  [Ca2+],  (see  below),  but  apparently  only  in  the 
case  of  NMDA  (and  glutamate)  does  the  increase  in  [Ca2+];  produce  inhibition  of 
[3H]GABA  release  (Table  2). 

The  effect  of  Ca2+  on  the  release  of  [3H]GABA  can  best  be  studied  if  we  inhibit 
the  contribution  of  the  GABA  carrier  to  the  release.  We  did  this  by  inhibiting  the 


■©—  KA  (100  pM) 


-a—  QA  (10  pM) 

«—  QA+CNQX  (20  pM) 
KA+CNQX  (10  pM) 


FIGURE  5.  Effect  of  CNQX  on  the  release  of  [3H]GABA,  evoked  by  kainate  (KA)  (100  pM) 
or  quisqualate  (10  pM).  Experiments  were  performed  as  described  in  Figure  4,  in  the  absence 
of  added  Ca2+.  When  CNQX  (10  or  20  pM)  was  tested,  the  cells  were  perfused  with  the 
antagonist  1  min  prior  to  stimulation  with  KA  or  QA.  The  release  of  [3H]GABA  is  expressed  as 
previously  described.8-9  Results  are  presented  as  means  ±  SEM  (n  =  3-5). 
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carrier  with  NNC-711,15  which  totally  inhibits  glutamate-induced  release  in  the 
absence  of  external  Ca2+  (Fig.  3).  In  the  presence  of  Ca2+,  we  found  that  NNC-711 
(10  jjlM)  did  not  block  all  [3H]GABA  release  induced  by  the  glutamate  agonists,  and 
that  apparently  NMD  A,  QA,  and  AMPA,  but  not  KA,  caused  Ca2+-dependent 
release  of  [3H]GABA  in  the  presence  of  NNC-711  (Fig.  6). 

It  is  of  interest  to  note  that  the  overall  effect  of  Ca2+  on  the  release  evoked  by 
NMDA  is  a  reduction  in  the  release  of  [3H]GABA  (Table  2),  but  the  exocytotic 
component  (Ca2+ -dependent)  is  actually  stimulated  by  Ca2+  (Fig.  6).  This  may  mean 
that  the  effect  of  Ca2+  on  the  release  is  complex  and  is  exerted  not  only  on  the 
exocytotic  component.  Evidence  for  this  is  also  obtained  from  the  influence  of  Ca2+ 
on  the  KA  effect;  thus,  Figure  6  and  Table  2  show  clearly  that  Ca2+  increases  the 
total  release  of  [3H]GABA  induced  by  KA  from  a  value  of  13.23  ±  0.80%  in  the 
absence  of  Ca2+  to  a  value  of  18.03  ±  0.63%  in  the  presence  of  Ca2+.  Nevertheless, 
when  we  blocked  the  carrier  with  NNC-711,  KA  increased  [3H]GABA  release  to 
about  the  same  extent  in  the  presence  or  in  the  absence  of  Ca2+  (Fig.  6).  Thus,  it 
would  appear  that  KA,  under  conditions  in  which  the  carrier  is  blocked,  causes 


table  2.  Effect  of  Glutamate  Receptor  Agonists  on  the  [Ca2+]i  and 
[3H]GABA  Release"  _ 


Agonist 

A[Ca2+]i 

(nM) 

[3H]GABA  Release  (%) 

Ca2+  Absent  Ca2+  Present 

NMDA 

156.60  ±  8.25 

7.36  ±  0.87 

4.05  ±  0.39 

(n  =  12) 

in  =  7) 

(n  =  4) 

KA 

276.51  ±  6.78 

13.23  ±  0.80 

18.03  ±  0.63 

(n=9) 

(n  =  8) 

(n  =  7) 

QA 

93.94  ±  5.76 

3.57  ±  0.33 

4.88  ±  0.52 

in  ~  8) 

(n  =  13) 

(n  =  10) 

AMPA 

120.36  ±  6.00 

4.41  ±  0.75 

7.07  ±  0.88 

(«  =  7) 

(«  =4) 

in  =  5) 

"The  experiments  were  performed  in  Na+  medium  as  described  in  the  legends  to  Figures  6 
and  8.  The  release  of  [3H]GABA  was  obtained  in  the  absence  or  presence  of  added  Ca2+, 
without  NNC-711,  and  for  1  min  of  stimulation  with  the  various  agonists. 


release  through  a  mechanism  which  involves  neither  the  carrier  nor  the  exocytotic 
(Ca2+-dependent)  mechanism. 

Calcium  increases  the  release  of  [3H]GABA  stimulated  by  either  QA  or  AMPA, 
in  the  presence  (Fig.  6)  or  in  the  absence  of  NNC-711  (Table  2),  suggesting  that  a 
Ca2+ -dependent  release  occurs  in  the  absence  of  carrier-mediated  release.  The 
effect  on  the  exocytotic  release  is  more  clearly  seen  in  the  case  of  AMPA  (50  p-M),  a 
more  specific  agonist  for  the  ionotropic  QA  receptor.  AMPA  increased  the  [Ca2+]i  by 
120  nM  (Table  2)  and  evoked  a  release  of  7.07  ±  0.88%  of  the  total  [3H]GABA  in 
the  presence  of  Ca2+,  whereas  only  4.41  ±  0.75%  was  released  in  the  absence  of  Ca2+ 
(Table  2),  and  a  substantial  release  remained  in  the  presence  of  NNC-711,  which 
was  dependent  on  Ca2+  (Fig.  6). 

Although  QA  stimulates  both  the  ionotropic  and  the  metabotropic  receptors, 
(1S,3R)-ACPD,  the  agonist  of  metabotropic  ACPD  receptor,  did  not  influence  the 
release  of  [3H]GABA,  in  the  presence  or  in  the  absence  of  Ca2+,  suggesting  that  this 
receptor  was  not  involved  (results  not  shown). 
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+Ca2++NNC-71 1  (10  pM) 
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FIGURE  6.  Effect  of  Ca2+  on  [3H]GABA  release  evoked  by  glutamate  receptor  agonists 
(NMDA,  KA,  QA,  and  AMPA),  in  the  presence  of  NNC-711.  The  cells  were  stimulated  with 
NMDA  (200  pM)  under  K+  depolarization,  KA  (100  pM),  QA  (10  pM)  or  AMPA  (50  pM), 
and  a  preincubation  with  NNC-711  (10  pM)  was  made  prior  to  stimulation  with  the  agonists. 
The  release  of  [3H]GABA  is  expressed  as  previously  described.8-9  Results  represent  means  ± 
SEM  ( n  =  3-5). 


MECHANISMS  OF  [Ca2+L  REGULATION  BY  GLUTAMATE 
RECEPTOR  AGONISTS 


The  NMDA  receptor  is  permeable  to  Ca2+  and  is  expected  to  generate  composite 
[Ca2+]j  signals  due  to  the  influx  of  Ca2+  through  the  receptor-associated  channel  and 
through  VSCCs.16  The  KA  and  AMPA  receptors  are  regarded  as  low-Ca2+  permeabil¬ 
ity  receptors,16-17  and  activation  of  these  receptors  is  thought  to  increase  the  [Ca2+]j 
mainly  via  depolarization-induced  opening  of  the  VSCCs,  although  some  Ca2+- 
permeable  KA  and  AMPA  receptors  have  been  described.18-20  The  [Ca2+];  may  also 
rise  due  to  mobilization  of  intracellular  Ca2+  stores  because  of  activation  of  phospho¬ 
lipase  C  through  the  metabotropic  glutamate  receptors.21 

The  different  effects  of  Ca2+  on  the  release  of  [3H]GABA  reported  in  the 
previous  section  may  be  related  to  the  fact  that  the  Ca2+  signals  provided  by 
activation  of  the  glutamate  receptors  are  diverse.  Thus,  it  is  important  to  separate 
the  [Ca2+]j  signals  generated  by  each  glutamate  receptor  into  its  component  parts. 
Our  results  show  in  fact  that  the  agonists  of  the  ionotropic  glutamate  receptors, 
NMDA,  KA  and  AMPA,  increased  the  [Ca2+]i  because  of  composite  responses 
comprising  Ca2+  entering  through  the  receptor  channels  and  through  VSCCs. 


Calcium  Entry  through  Glutamate  Receptors 

To  evaluate  the  contribution  of  the  receptor-associated  channels  to  the  [Ca2+]j 
response  to  glutamate,  NMDA,  KA,  and  AMPA,  the  cells  were  stimulated  with  each 
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agonist  in  a  Na+-free  jV-methyl-D-glucamine  (NMG)  medium.  When  glutamate  was 
added  under  these  conditions,  the  effect  on  the  rise  in  [Ca2+]|  was  decreased  to  about 
38%  the  value  obtained  in  a  Na+  medium  (Fig.  7A  and  B).  Also  nitrendipine  was 
able  to  decrease  the  [Ca2+]j  response  induced  by  glutamate  in  a  Na+  medium  by 
about  53%  (Fig.  7A),  which  suggests  that  both  VSCCs  and  glutamate  receptor- 
associated  channels  allow  Ca2+  entry  upon  glutamate  receptor  stimulation. 

In  Mg2+-free  Na+  medium,  100  (xM  NMDA  evoked  a  sustained  increase  in 
[Ca2+]j  of  156.6  ±  8.2  nM  that  could  be  reversed  by  MK-801  (Figs.  8A  and  9A).  Even 
in  the  presence  of  1.4  mM  Mg2+,  NMDA  increased  the  [Ca2+]j  to  a  peak  of  about  77 
nM  which  then  declined  to  a  plateau  of  about  32  nM  above  the  resting  concentration. 
Furthermore,  when  the  extracellular  Na+  was  replaced  by  NMG,  the  response  to 
NMDA  in  the  absence  of  Mg2+  was  about  30  nM  (Fig.  8B),  which  corresponds  to  the 
contribution  of  the  NMDA  receptor-associated  channels  to  the  [Ca2+];  response. 

Addition  of  100  |xM  KA  to  the  medium  increased  the  [Ca2+]j  by  276  nM  and  then 
decreased  to  a  plateau  at  about  74%  of  the  value  of  the  peak  (Fig.  8C);  the  effect 
could  be  partially  blocked  by  20  (xM  CNQX  to  a  value  of  66  nM  (Fig.  9B).  When  the 
extracellular  Na+  was  replaced  by  NMG,  the  effect  of  KA  on  the  [Ca2+]j  rise 
decreased  to  about  60%  of  the  value  obtained  in  the  Na+  medium,  probably  because 
of  the  absence  of  entry  of  Ca2+  through  the  VSCCs  in  the  NMG  medium  (Fig.  8C). 
In  the  case  of  AMPA  the  receptor-associated  channel  seems  to  have  a  much  smaller 
contribution  to  the  [Ca2+]i  rise  than  that  observed  for  the  KA  receptor  (FlG.  8D). 
Activation  of  the  AMPA  receptors  increased  the  [Ca2+];  by  120  nM,  but  this  effect 
was  only  slightly  affected  by  CNQX  (Fig.  9C). 

The  effect  of  (1S,3R)-ACPD  on  the  [Ca2+];  was  evaluated  in  the  retina  cells,  and 
we  found  that  200  pM  (1S,3R)-ACPD  did  not  affect  the  [Ca2+]j  in  the  presence  (not 
shown)  or  in  the  absence  of  Ca2+  (Fig.  10).  The  presence  of  (1S,3R)-ACPD 
receptors  in  chick  retina  cells  was  further  evaluated  by  measuring  the  accumulation 
of  myo-[3H]inositol  phosphates  evoked  by  two  minutes  of  stimulation  with  200  p.M 
(1S,3R)-ACPD.  The  agonist  increased  the  accumulation  of  pHJInsPi,  [3H]InsP2,  and 
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A.  Na+ 


FIGURE  7.  Intracellular  Ca2+ 
([Ca2+]j)  responses  to  glutamate 
in  Na+-  or  W-methyl-D-gluca- 
mine  (NMG)  media.  The  cells 
were  preincubated  for  4  min  in 
Na+  (A)  or  NMG  (B;  containing 
132  mM  NMG,  but  otherwise 
identical  to  the  Na+  medium) 
media,  and,  where  indicated,  100 
p.M  glutamate  was  added.  In  A 
the  control  response  to  gluta¬ 
mate  (left)  is  compared  to  the 
effect  after  4  min  of  preincuba¬ 
tion  with  1  p,M  nitrendipine. 
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FIGURE  8.  Effect  of  glutamate  receptor  agonists  on  the  [Ca2+]i?  in  Na+  and  NMG  media.  The 
cells  were  stimulated  with  100  (-lM  NMDA  (A  and  B),  100  |xM  KA  (C)  or  100  jj.M  AMPA  (D), 
after  4  min  of  preincubation  in  the  indicated  media.  The  response  to  NMDA  was  tested  in  Na+ 
medium  (A),  with  (+Mg2+)  or  without  (-Mg2+)  1.4  mM  MgCl2  ,  or  in  Mg2+-free  NMG 
medium  (B). 


[3H]InsP3,  but  this  effect  was  not  antagonized  by  L-AP3  (100-500  |iM),  a  selective 
antagonist  of  some  metabotropic  receptors21  (not  shown). 


Ca2+  Entry  through  Voltage-Sensitive  Ca2+  Channels 

The  results  reported  in  Figure  9  show  that  a  large  fraction  of  the  Ca2+  entering 
the  retina  cells,  as  a  result  of  glutamate  agonists  stimulation,  passes  through  channels 
sensitive  to  nitrendipine.  Indeed,  nitrendipine  (1  p,M)  decreased  by  76  nM,  51  nM, 
and  55  nM  the  [Ca2+]j  increase  evoked  by  NMDA,  KA,  and  AMPA,  respectively 
(Fig.  9A-C),  suggesting  that  L-type  channels  are  present  in  these  cells.  The  P-type 
Ca2+  channels,  identified  by  their  sensitivity  to  <o-Aga  IVA,  also  contribute  signifi¬ 
cantly  to  the  response  to  KA,  whereas  w-Aga  IVA  was  without  effect  on  the  [Ca2+]j 
transients  evoked  by  NMDA  and  AMPA  (Fig.  9A-C).  It  is  of  interest  to  note  that 
the  glutamate  agonists  do  not  activate  N-type  VSCCs9  although  we  showed  previ¬ 
ously  that  these  channels  are  present  in  the  retina  cell  cultures  used  in  the 
experiments.8 

The  differential  activation  of  VSCCs  by  NMDA,  KA,  and  AMPA  may  reflect  (1) 
that  the  receptors  are  localized  in  different  cells  which  may  or  not  contain  P-type 
Ca2+  channels  and  that  the  L-type  channels  are  always  present  or  (2)  that  the 
receptors  and  the  P-  and  N-type  Ca2+  channels  may  have  a  heterogenous  distribution 
within  the  cells. 
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Potentiation  by  TPA  of  the  Ca2+  Entry  through  the  KA  Receptor-associated  Channel 


We  took  advantage  of  the  high  Ca2+  permeability  of  the  KA  receptor  in  our 
preparation  to  study  the  effect  of  protein  kinase  C  (PKC)  on  the  activity  of  the 
receptor.  The  PKC  activator  12-O-tetradecanoylphorbol  13-acetate  (TPA;  200  nM) 


A 


FIGURE  9.  Effect  of  voltage-sensitive  Ca2+  channel  (VSCC)  antagonists  and  glutamate 
receptor  antagonists  on  the  [Ca2+]j  responses  to  NMDA,  KA  or  AMPA.  The  average  initial 
[Ca2+]i  responses  (A[Ca2+]i  )  to  100  pM  NMDA  (A)  in  Mg2+-free  Na+  medium,  100  pM  KA 
(B)  or  100  pM  AMPA  (C)  in  Na+  medium,  are  compared  with  the  effect  of  100  pM  glutamate 
(Glu),  determined  as  indicated  in  Figure  2B.  The  effects  of  nitrendipine  (Nit;  1.5  pM), 
MK-801  (7  5  pM),  CNQX  (20  pM),  and  co-Aga  IVA  (200  nM)  were  determined  after  4  min  of 
preincubation  with  the  antagonists.  When  w-Aga  IVA  was  tested,  the  cells  were  preincubated 
with  the  toxin  for  1  h,  during  the  loading  with  Indo-1.  The  effect  of  NMDA  was  always  tested  m 
Mg2 + -free  Na+  medium,  whereas  the  [Ca2+]i  response  to  glutamate,  kainate,  and  AMPA  were 
determined  in  the  presence  of  Mg2+  (Na+  medium).  Results  are  expressed  as  means  ±  SEM  of 
the  indicated  number  of  experiments,  carried  out  in  different  preparations.  *Signincantly 
different  from  control,  p  <  0.05. 
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FIGURE  10.  Lack  of  effect  of  (1S,3R)-ACPD  on  the  [Ca2+],.  The  cells  were  preincubated  for  2 
min  in  Ca2+-free  (1  mM  EGTA)  Na+  medium,  and,  where  indicated,  200  y.M  ACPD  and  3  p-M 
ionomycin  were  added.  The  trace  is  representative  of  experiments  performed  in  three  indepen- 
dent  preparations. 


increased  the  [Ca2+]i  response  to  KA  in  NMG  medium  to  about  130%  of  the  control 
(Fig.  11).  Conversely,  TPA  decreased  the  effect  of  KA  in  Na+  medium  to  about  80% 
of  the  control  (Fig.  11).  To  test  whether  this  inhibition  was  due  to  a  decreased  Ca2+ 
entry  through  VSCCs,  we  studied  the  effect  of  TPA  on  the  [Ca2+]j  response  to  KC1 
depolarization,  which  is  expected  to  specifically  activate  VSCCs.  After  a  4-min 
pre-incubation  with  TPA,  the  effect  of  40  mM  KC1  depolarization  was  inhibited  by 
about  25%  (Fig.  12).  Thus,  although  the  activity  of  the  Ca2+  permeable  KA 
receptors  is  increased  by  TPA,  the  overall  [Ca2+]j  response  in  Na+  medium  is 
inhibited  because  of  the  effect  of  the  phorbol  esters  on  the  VSCCs. 


DISCUSSION  AND  CONCLUSIONS 
pHJGABA  Release  by  Potassium  Depolarization 

In  the  present  work,  we  clearly  show  that  K+  depolarization  activates  L-type  Ca2+ 
channels  coupled  to  Ca2+-dependent  [3H]GABA  release  in  embryonic  chick  retina 
cells.  Inasmuch  as  [3H]GABA  seems  to  be  accumulated  in  horizontal  and  amacrine 
cells,13’6  these  cells  must  be  the  source  of  the  [3H]GABA  release.  However,  toad  (B. 
marinus)  and  goldfish  horizontal  cells  have  only  Ca2+ -independent  [3H]GABA 
release,5-23  and  these  cells  do  not  have  synaptic  vesicles.3  Therefore,  the  Ca2+- 
dependent  release  by  our  preparation  may  represent  release  by  amacrine  cells, 
although  Hofmann  and  Mockel6  were  unable  to  show  Ca2+-dependent  release  in  a 
similar  chick  retina  culture.  These  authors  did  not  use  a  superfusion  system  to 
determine  release,  and  it  is  possible  that  other  substances  released,  which  would 
accumulate  in  the  medium,  could  be  interfering  with  the  Ca2+-dependent  (exocy- 
totic)  release. 
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Although  most  studies  have  shown  only  Ca2+ -independent  release  of  [3H]GABA 
by  various  preparations  of  retina, 6,10,23,24  at  least  one  report  shows  that  goldfish  retina 
have  a  “small  but  significant”  Ca2+-dependent  release  of  [3H]GABA.5  Our  studies 
also  show  that,  in  accordance  with  results  from  other  retina  cell  preparations,  a  large 
fraction  of  the  [3H]GABA  release  induced  by  K+  depolarization  is  Ca2+-indepen- 
dent  (Figs.  1  and  3)  and  represents  the  release  of  cytoplasmic  [3H]GABA  through 
the  GABA  carrier  because  it  can  be  blocked  by  NNC-711  (Figs.  1  and  3). 


Release  of  [3H]GABA  by  Glutamate  and  Glutamate  Agonists 

One  of  the  first  observations  in  our  studies  was  that  Ca2+  decreases  the  release  of 
[3H]GABA  induced  by  glutamate  (Figs.  2  and  3).  It  is  of  interest  to  note  that  about 
50%  of  the  Ca2+  entry  induced  by  glutamate  uses  the  same  L-type  channels  which 
become  active  because  of  K+  depolarization  and,  in  this  case,  increases  [3H]GABA 
release  (Table  I).  There  is  no  clear  explanation  for  this  observation  especially 
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100  pM  1 

KA  100  |uM 


FIGURE  11.  Effect  of  TP  A  on  the  [Ca2+]i  response  to  kainate,  in  NMG  (A)  or  Na+  (B)  media. 
The  cells  were  preincubated  for  4  min  in  the  indicated  media,  with  (+TPA)  or  without  200  nM 
TP  A,  and,  where  indicated,  100  pM  KA  was  added.  The  traces  are  representative  of  experi¬ 
ments  carried  out  in  duplicate  in  6-8  different  preparations. 
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because  in  both  cases  activation  of  L-type  VSCCs  accounts  for  about  50%  of  the 
Ca2+  entry. 

The  coupling  of  the  glutamate  receptors  to  the  Ca2+  channels  requires  Na+  in  the 
external  medium,  and  the  [Na+]f  actually  increases  due  to  glutamate  stimulation 
(results  not  shown).  Our  results  are  in  accordance  with  earlier  reports  by  Sucher  et 
al.25  that  Ca2+  antagonists  attenuate  the  rise  in  [Ca2+]f  due  to  glutamate  in  rat  retinal 
ganglion  cells,  and  other  reports  exist  showing  that  activation  of  the  glutamate 
receptors  (NMD A,  KA,  QA)  elevates  the  [Ca2+]j  indirectly  by  depolarizing  the 
membrane,  which  then  activates  the  Ca2+  influx  through  VSCCs.161819 

The  [3H]GABA  release  stimulated  by  glutamate  or  NMD  A  was  more  pro¬ 
nounced  in  the  absence  of  Ca2+  and  could  be  nearly  totally  blocked  by  NNC-711 
(Figs.  3  and  6A  and  Table  2).  Similar  Ca2+-independent  release  of  [3H]GABA  has 
been  reported  in  other  cell  systems,6’13’23’26  and  in  all  cases  Na+  is  required,  which 
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FIGURE  12.  Inhibition  by  TP  A  of  the  K+-stimulated  [Ca2+]j  increase.  The  experiments  were 
performed  as  indicated  in  Figure  1A,  and  where  indicated  (+TPA)  the  cells  were  preincu¬ 
bated  for  4  min  with  200  nM  TPA.  The  traces  are  representative  of  duplicate  experiments 
carried  out  in  eight  different  preparations. 


suggests  that  an  increase  in  [Na+]j  coupled  to  membrane  depolarization  reduces  the 
electrochemical  Na+  gradient  causing  reversal  of  the  GABA  carrier. 

In  conclusion,  glutamate  increases  the  [Ca2+]j  of  chick  retina  cells  and  induces 
Na+-dependent  and  Ca2+-independent  release  of  [3H]GABA,  which  is  carrier 
mediated.  The  presence  of  Ca2+  actually  inhibits  the  total  release  of  [3H]GABA 
induced  by  glutamate,  although  the  mechanism  for  this  effect  of  Ca2+  is  not  clear.  In 
the  absence  of  carrier-mediated  release  of  [3H]GABA,  Ca2+  does  not  affect  signifi¬ 
cantly  the  release  of  [3H]GABA  induced  by  glutamate.  It  should  be  noted  that  most 
glutamate  receptors  may  be  located  far  from  the  nerve  terminals,  as  has  been 
suggested  for  chick  motoneurons,27  and  in  these  cases  the  [3H]GABA  release  may  be 
mediated  by  the  GABA  carrier  located  on  the  soma  or  dendrites  of  the  GABAergic 
retina  cells.  This  localization  of  GABA  has  already  been  reported.7 

The  results  of  the  studies  in  which  we  stimulated  each  of  the  glutamate  receptors 


CARVALHO  et  al. :  GLUTAMATE  RECEPTOR  MODULATION 


453 


with  specific  agonists  (NMD A,  KA,  QA,  and  AMPA)  are  in  accordance  with 
previous  reports  that  retinal  cells  in  culture  express  NMDA  and  non-NMDA 
receptors,  both  of  which  can  mediate  Ca2+ -independent  release  of  [3H]GABA.6  We 
further  showed  that  these  cells  also  exhibit  Ca2+-dependent  release  when  stimulated 
by  the  glutamate  receptor  agonists  NMDA,  QA,  and  AMPA  (Fig.  6),  when  the 
studies  are  carried  out  in  the  presence  of  NNC-711,  to  inhibit  the  carrier-mediated 

When  we  studied  the  total  release  of  [3H]GABA,  which  includes  carrier- 
mediated  release  and  Ca2+ -dependent  release,  Ca2+  had  an  overall  inhibitory  effect 
(Fig.  3  and  Table  2)  when  either  glutamate  or  NMDA  were  the  stimulating  agents; 
however,  this  effect  was  not  observed  for  the  other  agonists  (Table  2).  Furthermore, 
in  the  case  of  KA,  QA  or  AMPA,  Ca2+  increased  the  total  release  (Table  2),  and 
QA  and  AMPA,  as  well  as  NMDA,  induced  Ca2+ -dependent  release  of  [3H]GABA 
when  the  carrier  was  blocked  (Fig.  6).  The  Ca2+  inhibition  of  the  [3H]GABA  release 
induced  by  glutamate  or  NMDA  may  be  related  to  the  effect  of  Ca2+  on  the  binding 
of  glutamate  or  NMDA  to  the  receptors. 


Mechanisms  of[Ca2+]i  Regulation  by  Glutamate  Receptor  Agonists 

Glutamate  probably  is  the  main  excitatory  neurotransmitter  activating  amacrine 
cells,1’2  and  the  results  reported  here  show  that  the  agonists  of  the  ionotropic 
glutamate  receptors,  NMDA,  KA,  QA,  and  AMPA,  increase  the  [Ca2+]j  in  cultures 
enriched  in  amacrine  cells.  The  increase  in  [Ca2+];  was  found  to  be  due  to  Ca2+  entry 
through  the  receptor-associated  channels  and  the  VSCCs,  as  has  been  reported  for 

other  cell  types.16  . 

The  [Ca2+]j  increases  due  to  Ca2+  entry  through  the  NMDA  receptor-associated 
channel,  as  determined  in  Mg2+-free  NMG  medium,  was  about  25%  of  the  total 
response  to  the  agonist  in  Na+  medium,  which  included  the  VSCCs  contribution. 
Permeation  of  Ca2+  through  the  NMDA  receptor-associated  channel  has  been 
reported  for  several  cell  types,28  but  the  non-NMDA  ionotropic  glutamate  receptors 
generally  exhibit  low  Ca2+  permeability.18"20 

Our  results  show  clearly  that,  in  retina  cells,  the  influx  of  Ca2+  through  the  KA 
receptor-associated  channel  was  higher  than  that  observed  for  the  NMDA  receptor- 
associated  channel  (Fig.  9);  the  influx  of  Ca2+  through  the  KA  receptor-associated 
channel  corresponds  to  about  60%  of  the  initial  [Ca2+];  response  in  a  Na+  medium, 
and  it  is  potentiated  by  activation  of  PKC  with  TPA  (Fig.  11  A).  However,  the  overall 
effect  of  PKC  activation  in  a  normal  Na+  medium  is  to  inhibit  the  increase  in  [Ca2+]i 
induced  by  KA  (Fig.  11B),  because  PKC  activation  has  an  inhibitory  effect  on  the 
VSCCs  triggered  by  KA  depolarization  (Fig.  12).  Activation  of  PKC  has  previously 
been  shown  to  modulate  the  activity  of  glutamate  receptors29-30  and  of  VSCCs.31  The 
influx  of  Ca2+  through  the  KA  receptor-associated  channel  is  a  Ca2+  pathway  that 
may  be  of  great  interest  in  mediating  excitatory  amino  acid  induced  phenomena  of 
various  types,  particularly  when  NMDA  receptors  are  not  present.32’33  Moreover,  the 
influx  of  Ca2+  through  the  KA  receptor  is  assumed  to  contribute  to  the  KA-induced 
neurotoxicity  in  some  neurons  in  vitro. 18  We  found  that  domoic  acid  activates  the  KA 
receptor  and  triggers  exocytotic  release  of  [3H]GABA.34 

Cultured  retina  cells  have  at  least  three  pharmacologically  distinct  classes  of 
VSCCs:  L-type,  sensitive  to  dihydropyridines;8-35  N-type,  sensitive  to  co-CgTx;8’9  and, 
as  shown  in  this  work,  also  the  presence  of  P-type  VSCCs  sensitive  to  o)-Aga  IV A, 36 
when  the  cells  are  stimulated  with  KA  (Fig.  9),  but  not  detected  when  the 
stimulation  is  with  NMDA  or  AMPA.  The  P-type  channels  have  also  been  reported 
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for  horizontal  cells  of  the  bass  retina.37  It  should  be  noted  that  although  the  N-type 
VSCCs  are  present  in  our  preparation,  as  detected  under  K+  depolarization,8  they 
do  not  contribute  to  the  [Ca2+];  responses  to  glutamate.9 

The  differential  activation  of  the  VSCCs  by  NMD  A,  KA,  and  AMPA  (Fig.  9) 
may  reflect  that  (1)  the  receptors  may  be  localized  in  different  cells,  all  of  which 
would  contain  the  L-type  VSCCs,  but  only  some  cell  types  would  contain  the  P-type 
of  channels  or  (2)  the  receptors  and  the  P-  and  N-type  channels  are  distributed 
heterogeneously  in  the  cells. 

Finally,  (1S,3R)-ACPD  increased  intracellular  accumulation  of  myo-[3H]inositol 
phosphates  (not  shown),  but  had  no  effect  on  [Ca2+];  (Fig.  10).  Similar  results  have 
been  reported  for  other  cell  preparations.29’38  39  The  increase  in  the  accumulation  of 
inositol  phosphates  without  affecting  the  [Ca2+];  suggests  that  in  these  cells  the 
important  signal  may  be  diacylglycerol.  The  activation  of  PKC  by  diacylglycerol  may 
modulate  the  activity  of  other  glutamate  receptors  and  the  influx  of  Ca2+  through 
VSCCs. 
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Glutamate  receptor  activation  modulates  the  release  of  several  neurotransmitters 
and  neuromodulators.  In  the  hippocampus,  the  presence  of  presynaptic  glutamate 
receptors  modulating  the  release  of  noradrenaline  was  shown  for  both  NMDA  and 
non-NMDA  receptors.1-2  However,  the  link  between  receptor  activation  and  the 
release  of  the  neurotransmitter  has  not  been  clearly  established. 

In  the  present  study  we  determined  the  effects  of  stimulation  by  glutamate, 
AMPA,  or  NMDA  on  the  intracellular  free  Ca2+  concentration  ([Ca2+];)  and  on  the 
release  of  [3H]dopamine  ([3H]-DA)  in  hippocampal  synaptosomes,  and  we  found 
that:  (1)  Ca2+  entry  due  to  glutamate  receptor  stimulation  is  necessary  for  [3H]-DA 
release;  (2)  AMPA  receptor  stimulation  activates  voltage-sensitive  Ca2+  channels 
(VSCCs)  and  a  large  fraction  of  Ca2+  entry  occurs  through  these  VSCCs,  because 
blockade  by  specific  Ca2+  channel  blockers  caused  inhibition  of  [3H]-DA  release;  (3) 
the  VSCCs  involved  in  the  release  of  [3H]-DA  due  to  AMPA  are  of  the  N  type  (51% 
inhibition  by  co-conotoxin  GVIA  [co-CgTx])  and  P  or  Q  type  (54%  inhibition  by 
co-agatoxin  IVA  [co-Aga  IVA]);  (4)  modulation  of  [3H]-DA  release  due  to  NMDA 
stimulation  does  not  seem  to  involve  activation  of  VSCCs. 


CHANGES  IN  [Ca2+h  AND  [3H]-DA  RELEASE  DUE  TO  AMPA 
OR  NMDA  STIMULATION 

The  results  reported  in  Figure  l3-4  show  that  stimulation  of  hippocampal 
synaptosomes  with  AMPA  (100  p.M)  increased  the  [Ca2+]f  by  22.4  ±  1.1  nM  and  that 
this  effect  was  inhibited  by  about  59%  in  the  presence  of  10  pM  CNQX.  NMDA  (200 
p,M)  increased  the  [Ca2+];  by  about  10  nM  (Fig.  1A).  These  changes  in  [Ca2+]j  are 
coupled  to  the  Ca2+-dependent  [3H]-DA  release.  Thus,  AMPA  (100  |xM)  caused  the 
release  of  2.1  ±  0.1%  of  the  total  [3H]-DA  accumulated,  and  this  effect  was  reduced 
to  about  60%  by  10  |xM  CNQX  (Fig.  IB).  NMDA  (200  |xM)  caused  the  release  of 
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3.6  ±  0.2%  of  the  total  [3H]-DA,  and  this  effect  was  reduced  by  81%  by  MK-801  (Fig. 
IB).  Thus,  our  results  show  that  an  apparent  exocytotic  [3H]-DA  release  can  be 
triggered  by  stimulating  AMPA  or  NMDA  receptors  in  hippocampal  nerve  termi¬ 
nals. 


INVOLVEMENT  OF  VSCCs  ON  AMPA  BUT  NOT  ON  NMDA 
RECEPTOR  STIMULATION 

Our  results  further  show  that  Ca2+  entry  due  to  AMPA  stimulation  occurs  mainly 
through  VSCCs,  because  both  the  [Ca2+];  increase  and  the  coupled  [3H]-DA  release 
were  inhibited  by  oo-CgTx  and  rn-Aga  IVA  (Table  1).3>4  Thus,  both  co-CgTx  (0.5  |xM) 
and  o)-Aga  IVA  (100  nM)  inhibited  the  change  in  [Ca2+]i  (A[Ca2+]0  induced  by 
AMPA  to  64.8  ±  9.0%  and  77.5  ±  4.1%  of  control,  respectively,  and  this  effect  was 
accompanied  by  an  inhibition  in  [3H]-DA  release  to  49  ±  3.8%  or  46.1  ±  10.5%  of 
control,  respectively.  No  significant  inhibitory  effects  of  Ca2+  channel  blockers  were 
observed  on  the  release  of  [3H]-DA  evoked  by  NMDA  (200  |xM),  presumably  in  this 
case  because  Ca2+  enters  mostly  through  NMDA  receptor  channels  (Table  1).  Thus, 
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FIGURE  1.  Effects  of  AMPA  (100  p.M)  or  NMDA  (200  |aM)  on  changes  in  [Ca2+]i  (A[Ca2+]i) 
(A)  and  on  the  release  of  [3H]dopamine  ([3H-DA])  (B)  in  hippocampal  synaptosomes.  The 
[Ca2+]i  was  determined  by  a  fluorimetric  assay  using  Indo-1  as  a  probe  for  Ca2+,  and  the  release 
of  preaccumulated  [3H]-DA  was  studied  by  using  a  superfusion  system,  as  described  before.4 
Stimulation  with  AMPA  was  performed  in  normal  Na+  medium,  whereas  NMDA  was  tested  in 
Mg2+-free  Na+  medium  in  the  presence  of  glycine  (5  p-M).4  The  antagonists  CNQX  (10  pM) 
and  MK-801  (1  p,M)  were  introduced  3  min  before  stimulation.  The  [3H]-DA  released  over 
basal  by  AMPA  or  NMDA,  applied  for  5  min,  was  determined  in  percentage  of  total  [3H]-DA 
accumulated.  High-performance  liquid  chromatography  analysis  showed  that  the  released 
tritium  was  mainly  [3H]-DA  (75%),  but  some  [3H]noradrenaline  was  also  present  (25%).4  Data 
are  presented  as  the  mean  value  ±  SEM  of  the  number  of  ex  periments  indicated  over  the  bars, 
performed  in  different  synaptosomal  preparations.  *Significantly  different  from  the  respective 
control  ( p  <  0.05),  as  determined  by  the  Student  t  test. 
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table  i.  Relation  of  [Ca2+];  Changes  to  [3H]-Dopamine  Release  for  Various 
Stimulating  Agents  and  the  Effect  of  Ca2+  Channel  Blockers  in  Hippocampal 
Synaptosomes11 


Stimulating 

Agent 

Percentage  of  Control 

Control 

Nitrendipine 

w-Conotoxin  GVIA 

(o-Agatoxin  IVA 

KCl 

A[Ca2+]i  (nM) 
[3H]-DA  (%) 

85.8  ±  2.6  (8) 
4.5  ±  0.4  (9) 

93.9  ±  4.5  (5) 

78.0  ±  7.0  (5)* 

57.1  ±  2.4  (4)* 

Glutamate 
A[Ca2+]j  (nM) 
[3H]-DA  (%) 

27.7  ±  1.2  (15) 
2.1  ±  0.2  (19) 

94.2  ±  5.9  (4) 

91.7  ±  7.1  (5) 

72.5  ±  3.9  (4)* 

AMPA 

A[Ca2+]i  (nM) 
[3H]-DA  (%) 

22.4  ±  1.1  (17) 
2.1  ±  0.1  (23) 

105.2  ±  5.3  (4) 
100.4  ±  5.2  (5) 

64.8  ±  9.0  (5)* 

49.0  ±  3.8  (7)* 

77.5  ±  4.1  (4)* 
46.1  ±  10.5  (5)* 

NMDA 

A[Ca2+]j  (nM) 
[3H]-DA  (%) 

9.1  ±  0.4  (4) 
3.6  ±  0.2  (13) 

91.8  ±  6.5  (6) 

94.9  ±  12.1  (5) 

98.5  ±  9.0  (5) 

Note:  Experiments  were  performed  as  described  in  Figure  1.  The  Ca2+  channel  blockers 
nitrendipine  (1  p.M),  oo-CgTx  (0.5  p.M),  or  to-Aga  IVA  (100  nM)  were  added  3  min  before 
stimulation  with  various  agents  (5  mM  KC1;  100  p.M  glutamate  or  AMP  A;  200  p.M  NMDA). 
Data  are  presented  as  mean  value  ±  SEM  of  changes  in  [Ca2+],  (nM)  or  in  evoked  [3H]-DA 
release  (%).  The  effect  of  various  Ca2+  channel  blockers  is  expressed  as  %  of  the  respective 
control.  Asterisk  indicates  significantly  different  from  control,  p  <  0.05. 

“Data  adapted  partially  from  Malva  et  a/.3-4 


depolarization  due  to  AMPA  stimulation  triggers  the  opening  of  N  and  P  or  Q  type 
VSCCs  in  hippocampal  synaptosomes,  but  not  of  L  type,  because  nitrendipine  had 
no  effect  on  either  [Ca2+];  or  [3H]-DA  release  induced  by  AMPA  (Table  1).  The 
results  in  Table  1  also  show  that  the  same  types  of  VSCCs  were  activated  by  KC1 
depolarization  as  by  AMPA  stimulation,  although  the  contribution  of  N  type  VSCCs 
is  greater  with  AMPA  stimulation  than  with  KC1  depolarization. 

In  the  case  of  glutamate  (100  p-M)  stimulation,  we  observed  that  in  addition  to 
the  effects  of  glutamate  mediated  through  its  receptors,  part  of  the  effects  on  both 
[Ca2+]j  and  [3H]-DA  release  were  due  to  the  interaction  of  glutamate  with  its  carrier, 
because  the  effect  could  be  mimicked  by  D-aspartate  or  by  t-PDC,3  a  competitive 
inhibitor  of  the  glutamate  carrier.  Glutamate  transport  is  electrogenic  and  depolar¬ 
izes  the  membrane  of  synaptosomes,  and  VSCCs  are  also  triggered  allowing  Ca2+ 
entry,  which  could  partially  be  blocked  by  u>-Aga  IVA,  suggesting  the  involvement  of 
P  or  Q  type  VSCCs  (Table  1). 

We  conclude  that  hippocampal  synaptosomes  are  endowed  with  presynaptic 
glutamate  receptors  which  modulate  the  release  of  dopamine  by  allowing  influx  of 
Ca2+  which  triggers  exocytosis  of  [3H]-DA.  Both  AMPA  and  glutamate  induce 
activation  of  VSCCs,  whereas  NMDA  appears  to  modulate  [3H]-DA  release  due  to 
Ca2+  entry  probably  through  its  receptor  channel. 
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Receptors  for  the  excitatory  amino  acid  L-glutamate  are  widely  expressed  in  both 
neurons  and  glia  throughout  the  central  nervous  system.  The  glutamate  transmitter 
system  is  the  major  system  for  the  mediation  of  fast  excitatory  synaptic  transmission 
and  is  also  involved  in  neuroplasticity  and  higher  cognitive  functions  (for  review  see 
ref  1)  Several  subtypes  of  ionotropic  glutamate  receptors  exist  which  are  named  for 
their  selective  agonists:  N-methyl-D-aspartate  (NMD A),  kainate,  and  a-amino-3- 
hydroxy-5-methyl-4-isoxazole  propionate  (AMP A).  These  ionotropic  receptors  are 
composed  of  multiple  subunits  comprising  an  integral  cation  channel.  In  contrast, 
the  metabotropic  glutamate  receptors  (mGluRs),  which  are  the  focus  of  this  paper, 
are  a  family  of  large  monomeric  receptors  that  exert  their  effects  either  on  second 
messengers  or  ion  channels  via  activation  of  GTP-binding  proteins  (G-proteins).  The 
widespread  distribution  of  both  glutamate  and  the  mGluRs  suggests  that  glutamate 
may  be  the  primary  modulator  of  G-protein-coupled  signal  transduction  in  the 

central  nervous  system.  .  ,  ,  .  , 

The  mGluRs  illustrate  many  of  the  emerging  principles  of  receptor  functional 
diversity  represented  in  this  volume.  This  paper  provides  a  brief  review  of  the 
diversity  of  the  mGluRs  including  their  structure,  distribution,  and  the  biochemical 
and  electrophysiological  consequences  of  their  activation,  but  primarily  focuses  on 
their  roles  in  brain  plasticity  and  pathology  and  on  the  regulation  of  one  receptor 
subtype  in  astrocytes.  Studies  from  our  laboratory  and  others  demonstrated  that 
agonists  of  the  mGluRs  can  have  either  neuroprotective  or  neuropathological 
effects.  These  studies  are  reviewed,  and  possible  explanations  are  discussed  for  the 
diversity  of  outcomes  following  mGluR  agonist  application.  Finally,  we  present 
recent  findings  from  our  laboratory  concerning  an  astrocyte  model  that  we  developed 

for  the  study  of  receptor  regulation  and  function. 

Structure  and  signal  transduction.  The  members  of  this  receptor  family  have  a 
large  extracellular  domain  (500-600  amino  acids)  and  seven  predicted  transmem¬ 
brane  domains  characteristic  of  G-protein-coupled  receptors  (Fig.  1),  but  have  little 
sequence  homology  to  other  neurotransmitter  receptors.  The  mGluRs  can  activate  a 
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variety  of  signal  transduction  mechanisms,  of  which  the  most  extensively  studied  are 
the  phospholipase  C-mediated  stimulation  of  phosphoinositide  (PI)  hydrolysis  and 
the  inhibition  of  adenylate  cyclase  activity.  Hydrolysis  of  membrane  phosphatidylino- 
sitol-4,5-bisphosphate  by  phospholipase  C  produces  two  second  messengers:  diacyl- 
glycerol,  which  activates  protein  kinase  C,  and  inositol  1,4,5-trisphosphate  (IP3), 
which  elicits  the  release  of  calcium  from  intracellular  stores.  Inhibition  of  adenylate 
cyclase  reduces  the  accumulation  of  the  second  messenger  cyclic  AMP.  The  ability  of 
glutamate  and  other  mGluR  agonists  to  stimulate  PI  hydrolysis  and  inhibit  cyclic 
AMP  accumulation  has  been  characterized  in  a  variety  of  preparations  including 
tissue  slices,  cultured  neurons,  cultured  astrocytes,  and  transfected  cell  lines  (see  ref. 
2  for  review).  Ample  evidence  also  exists  that  these  receptors  can  couple  to 
G-proteins  that  directly  gate  cation  channels,  stimulate  phospholipase  D  activity, 
and  stimulate  adenylate  cyclase  activity.  To  date,  seven  subtypes  (mGluRl-7)3-9 
have  been  identified,  some  of  which  are  present  in  more  than  one  splice  variant 


FIGURE  1.  Schematic  illustration  demonstrating  the  salient  features  of  the  mGluRs  which 
include  a  large  extracellular  domain  and  seven  predicted  membrane  spanning  regions.  The 
receptors  are  coupled  via  G-proteins  to  a  variety  of  effectors  including  phospholipase  C, 
adenylate  cyclase,  and  cation  channels. 


form.5’1011  These  subtypes  can  be  organized  into  three  subfamilies12  based  upon  their 
sequence  homology,  the  effector  system  to  which  they  couple  when  artificially 
expressed  in  CHO  or  BHK  cells,  and  the  agonist  selectivity  for  activation  of  the 
receptor  (Table  1). 

Electrophysiological  effects.  The  electrophysiological  consequences  of  mGluR 
activation  have  been  extensively  studied  and  both  pre-  and  postsynaptic  effects  have 
been  identified.  These  studies  were  greatly  facilitated  with  the  identification  of  the 
selective  agonist  l-aminocyclopentane-frans-l,3-dicarboxylic  acid  (rrans-ACPD),*  a 
conformationally  restricted  analog  of  glutamate  with  selectivity  for  metabotropic 


*Most  early  studies  with  trans-ACPD  used  the  racemic  rrans-(±)-ACPD  composed  of  a 
mixture  of  the  1S,3R-ACPD  and  1R,3S-ACPD  enantiomers.  More  recently  the  separate 
enantiomers  have  also  become  commercially  available  and  the  more  active  1S,3R-ACPD  is 
frequently  used. 
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receptors.16  Activation  of  mGluRs  results  in  both  excitatory  and  inhibitory  actions 
(for  reviews  see  refs.  2  and  17).  For  example,  in  the  hippocampus,  trans- ACPD  can 
produce  depolarization  and  reduction  of  the  after-hyperpolarization  via  a  blockade 
of  a  calcium-activated  potassium  current.  It  has  also  been  shown  to  block  accommo¬ 
dation  of  cell  firing,  increase  the  amplitude  of  population  spikes,  induce  generation 
of  multiple  spikes,  decrease  paired-pulse  inhibition,  and  decrease  evoked  inhibitory 
postsynaptic  potentials.  Inhibitory  actions  of  trans -ACPD  in  the  hippocampus  in¬ 
clude  reduction  of  the  field  excitatory  postsynaptic  potential  via  a  presynaptic  action. 

Distribution.  The  mGluRs  are  expressed  in  neuronal  and  glial  populations 
throughout  the  brain  (see  ref.  1  for  review).  These  receptor  subtypes  show  distinct 
patterns  of  distribution  with  differential  expression  both  regionally  and  between  cell 
types  within  a  region.  Each  subtype  has  a  unique  pattern  of  expression  although 
these  patterns  are  sometimes  overlapping.  Some  subtypes  are  widely  expressed; 
mGluR3,  for  example,  is  prominently  expressed  in  neurons  in  the  cerebral  cortex, 
thalamus,  caudate  putamen,  and  dentate  gyrus  and  in  glial  cells  throughout  the 
brain.12  The  expression  of  other  subtypes  is  quite  restricted.  For  example,  mGluR6 


table  l.  Subgroups  of  the  Metabotropic  Glutamate  Receptors0 


Sub¬ 

group 

Gene 

Effector 

System 

Agonist  Selectivity 

Ref. 

i 

mGIuRl 

mGluR5 

Stimulate  phos¬ 
pholipase  C 

QA  >  Glu  >  Ibo  >  r-ACPD  »  AP4 

3, 4,  13, 14 

6 

ii 

mGluR2 

mGluR3 

Inhibit  adenylate 
cyclase 

Glu  >  f-ACPD  >  Ibo  »  QA  »  AP4 

5 

5, 12 

hi 

mGIuR4 

mGluR6 

mGiuR7 

Inhibit  adenylate 
cyclase 

AP4  >  Glu  >  SOP  >  ACPD  >  QA  >  Ibo 
AP4  >  SOP  >  Glu  »  ACPD  >  QA/Ibo 
AP4  =  SOP  >  Glu  >  Q A/ ACPD 

5, 12, 15 

7 

8,9 

°The  seven  metabotropic  glutamate  receptors  can  be  classified  into  three  subgroups  based 
upon  similarities  in  their  sequence,  effector  coupling  systems,  and  agonist  selectivity.12 


displays  the  most  restricted  expression  of  all  the  mGluRs,  showing  appreciable 
expression  only  in  the  inner  nuclear  layer  of  the  retina,  the  region  containing  the 
ON-bipolar  cells.7  In  addition  to  the  regional  variation  in  receptor  expression  it  is 
interesting  to  note  the  degree  of  differential  expression  within  a  region.  In  the 
cerebellum  for  example,  there  is  prominent  expression  of  three  separate  subtypes: 
mGIuRl  in  Purkinje  cells,  mGluR2  in  Golgi  cells,  and  mGluR4  in  granule  cells.  Such 
precise  segregation  of  receptors  implies  an  important  role  for  the  subtypes  in 
functional  specialization. 


INVOLVEMENT  OF  METABOTROPIC  GLUTAMATE  RECEPTORS 

IN  PLASTICITY 

A  substantial  body  of  evidence  now  exists  indicating  that  mGluRs  have  important 
roles  in  development  and  plasticity.  For  example,  the  developmental  peak  of 
excitatory  amino  acid-stimulated  PI  hydrolysis  occurs  between  6  and  12  days  of  age  in 
neonatal  rats  and  exhibits  a  high  correlation  with  periods  of  intense  synaptogen- 
esis.18’19  More  direct  evidence  for  a  role  of  mGluRs  in  plasticity  is  provided  by  studies 
of  long-term  potentiation  (LTP)  and  long-term  depression  (LTD).  In  the  CA1  region 
of  hippocampal  slices,  bath  application  of  trans- ACPD  can  produce  a  form  of  LTP 
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even  without  concomitant  tetanic  stimulation20  and  application  of  trans- ACPD  in 
conjunction  with  tetanic  stimulation  potentiates  the  amount  of  LTP  produced.21 
Most  recently,  it  has  been  shown  that  the  newly  characterized  metabotropic  receptor 
antagonist  a-methyl-4-carboxyphenylglycine  (MCPG)  can  block  the  induction  of 
LTP  without  affecting  baseline  synaptic  transmission  or  previously  established 
LTP.22  23  Similar  studies  have  indicated  a  role  for  mGluRs  in  LTD  in  both  CA1  and 
in  the  parallel  fiber-Purkinje  cell  synapse  in  the  cerebellum.24 


NEUROPROTECTIVE  ACTIONS  OF  mGluR  AGONISTS 

Involvement  of  mGluRs  in  pathology  was  initially  suggested  when  enhancements 
of  excitatory  amino  acid-stimulated  PI  hydrolysis  were  demonstrated  in  ex  vivo  brain 
slice  preparations  following  kindling,25  hippocampal  lesions,26  and  transient  global 
ischemia.27  These  studies  provided  intriguing  correlations  between  pathological 
conditions  and  mGluR  activity,  but  could  not  address  whether  this  increased 
receptor  activity  was  part  of  the  pathological  cascade  or  part  of  a  compensatory, 
possibly  protective  response  to  the  injury.  Additionally,  such  brain  slice  studies  could 
not  address  the  relative  contributions  of  neurons  and  glia  to  these  enhancements  in 
PI  hydrolysis.  In  the  case  of  the  ionotropic  glutamate  receptors,  it  has  been  well 
documented  that  overactivation  of  these  receptors  can  produce  pathological  excito- 
toxicity  through  a  process  that  involves  calcium  influx.28  Several  lines  of  evidence 
indicate  that  excitotoxicity  is  involved  in  the  pathogenesis  of  trauma  and  ischemia  as 
well  as  some  neurodegenerative  diseases.29,30 

The  involvement  of  mGluRs  in  excitotoxicity  was  first  directly  addressed  in  our 
laboratory  when  Koh  et  al. 31,32  quantified  the  effects  of  trans-ACPD  in  a  mixed 
neuron-glial  murine  cortical  culture  model  of  excitotoxicity.  As  with  the  ionotropic 
receptors,  activation  of  mGluRs  coupled  to  PI  hydrolysis  also  increases  the  cytoplas¬ 
mic  calcium  concentration,  leading  to  the  initial  hypothesis  that  mGluR  agonists 
would  also  contribute  to  excitotoxicity.  However,  application  of  trans-ACPD  did  not 
produce  neurotoxicity  even  when  applied  at  concentrations  as  high  as  1  mM  for  24 
h.32  In  contrast,  extensive  neuronal  degeneration  was  produced  following  a  5-min 
exposure  to  500  of  the  ionotropic  receptor  agonist  NMDA  (Fig.  2),  as  had  been 
previously  demonstrated.  Modulation  of  NMDA  toxicity  by  trans-ACPD  was  next 
examined  with  simultaneous  exposure  to  the  two  agonists.  Surprisingly,  the  presence 
of  100  p,M  trans-ACPD  during  the  exposure  of  the  cultures  to  NMDA  markedly 
attenuated  the  NMDA-induced  excitotoxicity  (Fig.  2).  This  protective  effect  was  not 
limited  to  glutamate  receptor  activation  because  the  cholinergic  receptor  agonist 
carbachol,  another  activator  of  PI  hydrolysis,  had  a  similar  but  more  modest 
protective  effect,  suggesting  that  production  of  excitotoxicity  can  be  influenced  by 
interaction  between  multiple  receptor  subtypes  and  transmitter  systems. 

The  demonstration  that  mGluR  agonists  can  have  neuroprotective  effects  has 
now  been  replicated  in  both  cortical  and  cerebellar  cultures,33,34  and  other  neuropro¬ 
tective  actions  have  been  demonstrated  both  in  vitro  and  in  vivo.  In  rat  hippocampal 
slices  subjected  to  in  vitro  hypoxia,  the  presence  of  1S,3R-ACPD  during  hypoxia  was 
neuroprotective  as  measured  by  an  enhancement  in  the  posthypoxic  recovery  of  field 
excitatory  postsynaptic  potentials.35  Similarly,  in  an  in  vivo  murine  ischemia  model, 
trans-ACPD  administered  intraperitoneally  immediately  after  middle  cerebral  artery 
occlusion  reduced  the  size  of  the  infarct  volume.36  Finally,  preinjection  of  1S,3R- 
ACPD  into  the  retina  of  adult  rats  has  been  shown  to  reduce  the  neurotoxicity 
produced  by  a  subsequent  injection  of  NMDA.37 

Inasmuch  as  glutamate  is  necessaiy  for  normal  physiological  functioning,  but 
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overexcitation  by  this  transmitter  can  lead  to  pathological  conditions  of  excitotoxic- 
ity,  it  seems  likely  that  specific  mechanisms  must  exist  to  control  this  balance  between 
normal  functioning  and  pathology.  Based  on  the  results  reviewed  above,  it  is 
intriguing  to  speculate  that  activation  of  mGluRs  may  be  one  of  these  mechanisms. 
However,  the  scenario  appears  to  be  quite  complex  as  several  in  vivo  studies  have 
also  shown  that  activation  of  these  receptors  can  have  neurotoxic  consequences 
rather  than  neuroprotective  effects. 


120  T 


NMDA  ACPD  +  NMDA  Carb  +  NMDA 

FIGURE  2.  Attenuation  of  NMDA  toxicity  in  murine  cortical  cultures  (15-16  days  in  vitro). 
Release  into  the  medium  of  an  intracellular  enzyme,  lactate  dehydrogenase  (LDH),  was 
quantified  as  an  indicator  of  cell  death.  LDH  release  was  measured  24  h  after  a  5-min  exposure 
to  NMDA  alone  or  in  the  presence  of  100  jjlM  fra«s-(±)-ACPD  (ACPD)  or  500  p.M  carbachol 
(Carb).  Data  shown  are  mean  ±  SEM  of  three  experiments  performed  in  quadruplicate.  LDH 
values  were  scaled  to  the  mean  value  in  the  NMDA-treated  cultures  after  subtraction  of  the 
mean  value  in  sister  cultures  exposed  to  sham  washes.  Asterisk  denotes  differences  from  the 
control  (p  <  0.05,  two-tail  t  test  with  Bonferroni  correction  for  two  comparisons). 


NEUROPATHOLOGICAL  ACTIONS  OF  mGluR  ACTIVATION 

Several  previous  studies  demonstrated  both  behavioral  disturbances  and  neuro- 
anatomical  pathology  following  administration  of  trarzs-ACPD.  Intrahippocampal 
injection  of  1S,3R-ACPD  into  adult  rats  produced  seizure  activity  characterized  by 
akinesia,  wet-dog  shakes,  rearing,  limbic  seizures,  and  hyperactivity.38  39  In  addition 
to  seizures,  1S.3R-ACPD  also  produced  neuropathology  including  loss  of  CA1  and 
CA4  pyramidal  neurons  and  dentate  gyrus  granule  neurons  6—7  days  after  injection.39 
Striatal  injections  in  neonatal  rats  produced  little  pathology  but  did  potentiate 
NMDA-induced  injury  as  measured  by  reduction  in  brain  weight  5  days  after 
injection.40  However,  injection  of  higher  doses  of  trans- ACPD  alone  into  the  hippo¬ 
campus  or  striatum  of  neonates  produced  loss  of  brain  weight  and  signs  of  neuropa¬ 
thology  including  swollen  perinuclear  cytoplasm,  extracellular  debris,  and  shrunken 
nuclei  that  were  observed  at  4  h  but  not  5  days  following  injection.41 
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We  recently  began  studies  to  evaluate  the  effects  of  mGluR  agonists  in  the 
hippocampus  in  vivo,  focusing  on  the  effects  of  lower  concentrations  of  agonists, 
interaction  with  NMDA  toxicity,  and  assessment  of  long-term  anatomical  outcome.42 
Intrahippocampal  administration  of  1S,3R-ACPD  was  found  to  produce  dose- 
dependent  damage  when  brains  of  young  adult  rats  were  examined  14  days  after 
injection.  Interaction  between  the  ionotropic  and  mGluR  receptor  pathways  was 
then  examined  using  combinations  of  minimally  toxic  doses  of  1S,3R-ACPD  and 
NMDA  to  provide  an  in  vivo  parallel  to  the  previous  in  vitro  studies  from  our 
laboratory.  Intrahippocampal  injection  of  1  p,L  of  10  mM  1S,3R-ACPD  produced 
only  slight  neural  damage  to  the  dorsal  blade  of  the  dentate  gyrus  (Fig.  3B). 
Administration  of  1  pL  of  100  mM  NMDA  also  produced  limited  degeneration  in 
the  dentate  gyrus  as  well  as  in  CA1.  However,  the  combination  of  1S,3R-ACPD  and 
NMDA  produced  a  much  larger  lesion,  involving  the  lateral  dentate  gyrus  and  CA1 
to  CA3.  (Fig.  3D).  Although  in  contrast  to  the  protective  effects  that  have  been 
demonstrated  in  other  preparations,  this  enhancement  of  toxicity  is  consistent  with 
the  initial  hypothesis  that  activation  of  mGluRs  should  contribute  to  excitotoxicity  by 
elevating  levels  of  intracellular  calcium.  Activation  of  an  mGluR  coupled  to  PI 
hydrolysis  could  increase  calcium  levels  either  by  IP3-mediated  release  of  calcium 
from  intracellular  stores,  or  by  diacylglycerol  activation  of  protein  kinase  C  and  a 
subsequent  facilitation  of  calcium  current  through  NMDA  receptors.43 


PLASTICITY  VERSUS  PATHOLOGY 

What  are  the  reasons  why  both  neuroprotective  and  neurotoxic  effects  have  been 
reported  following  application  of  metabotropic  agonists?  One  important  consider¬ 
ation  involves  the  differing  methodological  limitations  of  various  preparations. 
Results  from  in  vitro  preparations  must  be  interpreted  with  caution  because  these  are 
artificially  simplified  systems,  often  lacking  the  full  complement  of  cell  types  and  the 
proper  connectivity  found  in  vivo.  Although  in  vivo  preparations  are  obviously 
desirable  to  examine  the  roles  of  mGluRs  in  intact  systems,  they  also  have  inherent 
limitations.  For  example,  the  use  of  local  injections  often  results  in  the  introduction 
of  extremely  high  local  concentrations  of  agonists.  Concentrations  of  1S,3R-ACPD 
in  the  hundreds  of  millimolar  have  been  used  for  intrahippocampal  injections,38  39 
concentrations  at  which  the  selectivity  of  the  compound  for  mGluRs  is  markedly 
reduced.16  In  fact,  recent  work  from  our  laboratory  suggests  that  there  is  pharmaco¬ 
logical  overlap  between  inhibitors  of  glutamate  transport  and  mGluR  agonists,44  and 
high  concentrations  of  trans-(±)-ACPD  have  previously  been  reported  to  inhibit 
glutamate  uptake  45  The  resulting  increase  in  extracellular  glutamate  would  produce 
activation  of  both  ionotropic  receptors  and  mGluRs.  In  contrast,  most  of  the 
methods  of  application  that  have  yielded  protective  results  with  trans-ACPD  (appli¬ 
cation  of  the  agonist  in  culture  medium,3133  in  hippocampal  slice  bathing  medium,33 
with  intraperitoneal  injection,36  or  intraocular  injection37)  allow  greater  diffusion  of 
the  agonist  than  what  is  probably  achieved  following  intracerebral  injection.  Thus, 
crossover  between  uptake  inhibition  and  receptor  activation  may  at  least  partially 
account  for  the  toxicity  demonstrated  in  some  preparations.  Clarification  of  this  issue 
will  require  development  of  increasingly  selective  pharmacological  tools  with  less 
cross-reactivity  between  glutamate  transport  and  mGluRs. 

Another  aspect  which  may  contribute  to  the  variation  in  the  effects  observed  with 
mGluR  agonists  is  differential  expression  of  the  mGluR  subtypes  in  the  various 
preparations  that  have  been  used.  The  ability  of  trans-ACPD  to  produce  neurotoxic 
effects  appears  to  be  dependent  upon  a  number  of  variables  including  age,  brain 
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region,  and  strain  of  animal  used.  These  types  of  differences  could  be  due  to 
differences  in  the  amounts  and  ratios  of  receptor  subtype  expression.  The  mGluR 
subtypes  can  couple  to  a  variety  of  signal  transduction  mechanisms,  producing  either 
excitatory  or  inhibitory  effects.  Thus,  whether  the  net  effect  of  an  mGluR  agonist  is 
neuroprotective  or  neuropathological  might  depend  upon  the  relative  expression  of 
specific  metabotropic  receptor  subtypes  coupled  either  to  excitatory  or  inhibitory 
transduction  mechanisms.  As  more  selective  pharmacological  tools  become  avail¬ 
able,  progress  can  be  made  in  evaluating  the  neurotoxic  and  neuroprotective  effects 
of  specific  receptor  subtypes.  Further,  development  of  experimental  means  with 
which  to  up-regulate  or  down-regulate  specific  mGluR  subtypes  may  aid  in  examin¬ 
ing  the  functional  roles  of  these  receptors. 


REGULATION  OF  METABOTROPIC  RECEPTORS— AN  ASTROCYTE 

MODEL  SYSTEM 

The  mGluRs  of  astrocytes  may  play  a  role  in  determining  the  outcome  following 
administration  of  mGluR  agonists  in  vivo.  Astrocytes  are  a  major  component  of 
glutamatergic  pathways;  their  processes  envelop  glutamatergic  synapses,  and  they 
have  important  roles  in  maintaining  the  balance  between  normal  excitatory  transmis¬ 
sion  and  excitotoxicity,  for  example,  through  sodium-dependent  high-affinity  trans¬ 
port  of  glutamate.46’47  Because  activation  of  the  mGluRs  can  have  either  neuropro¬ 
tective  or  neurotoxic  effects,  we  became  interested  in  exploring  the  factors  that 
regulate  mGluR  expression  and  in  identifying  more  selective  pharmacological  tools 
with  which  to  dissociate  mGluR  activation  and  transport  inhibition.  Astrocyte 
culture  provides  a  system  readily  accessible  to  the  study  of  transport  pharmacology  as 
well  as  mGluR  signal  transduction  and  receptor  expression.  Although  some  subtypes 
of  mGluRs  were  known  to  be  expressed  in  astrocytes,  their  function  had  not  been 
previously  determined.  To  approach  an  integrated  functional  understanding  of  these 
receptors  the  first  step  was  to  define  a  suitable  in  vitro  model  for  their  study  in 
astrocytes. 


Use  of  Serum- free  Defined  Medium 

We  began  studies  of  metabotropic  signal  transduction  and  mGluR  expression  by 
analyzing  mz/is-ACPD  stimulation  of  PI  hydrolysis  using  astrocytes  cultured  with 
conventional  techniques.  Primary  glial  cultures  were  prepared  from  neocortices  of 
neonatal  rat  pups  and  purified  by  shaking  as  previously  described.48  After  7-8  days, 
secondary  astrocyte  cultures  were  established  by  trypsinizing  and  subplating  into 
Dulbecco’s  Modified  Eagle’s  Medium  (DMEM)  supplemented  with  10%  fetal  calf 
serum  (FCS). 

Although  widely  used,  this  method  of  culture  was  unsatisfactory  for  our  studies 
for  several  reasons.  First,  the  morphology  of  astrocytes  grown  under  these  conditions 
is  not  representative  of  the  morphology  of  the  majority  of  astrocytes  in  vivo. 
Astrocytes  grown  in  the  FCS-supplemented  medium  were  flat  and  polygonal  in 
shape,  having  few  processes  (Fig.  4A),  unlike  the  branching  and  stellate  morphology 
of  astrocytes  in  vivo.  Second,  the  use  of  serum  as  a  media  supplement  is  a  poor 
physiological  model  because  exposure  of  brain  cells  to  serum  is  normally  limited  in 
vivo  by  the  blood-brain  barrier.  Third,  culturing  in  serum-containing  media  has  the 
disadvantage  that  serum  contains  a  complex,  undefined,  and  variable  mixture  of 
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basal  trans~(±)-ACFD  basal  trans-(±)-ACPD 

DMEM  +  10%  FCS  Defined  Medium 

FIGURE  4.  Glial  fibrillary  acid  protein  (GFAP)  immunostaining  of  secondary  astrocyte 
cultures  maintained  in  either  DMEM  +  10%  FCS  (A)  or  in  the  serum-free  defined  medium  (B). 
GFAP  immunostaining  was  performed  using  a  polyclonal  rabbit  primary  antibody  (1:2000 
dilution;  Dako,  Carpinteria,  CA)  and  avidin-biotin  conjugated  secondary  antibody  (ABC  kit, 
Vector,  Burlingame,  CA)  followed  by  visualization  with  diaminobenzidine.  (C)  Demonstration 
of  the  maximal  stimulation  of  PI  hydrolysis  by  trans-ACPD  in  these  two  types  of  cultures. 
Following  a  24-h  labeling  period  with  [3H]-myo-inositol  (2  pCi/well),  culture  medium  was 
aspirated  and  the  cultures  washed  and  preincubated  for  20  min  in  buffer  containing  10  mM  LiCl 
(to  inhibit  myo-inositol-l-phosphatase),  116  mM  NaCl,  26.2  mM  NaHC03, 1  mM  NaEyPO,*,  2.5 
mM  KC1,  1.5  mM  MgS04,  2.5  mM  CaCl2,  and  20  mM  glucose.  Cultures  were  then  stimulated 
with  500  pM  trans-(±)~ ACPD  for  60  min,  followed  by  isolation  of  [3H]-IP!  with  anion  exchange 
chromatography  and  liquid  scintillation  counting  essentially  as  described.55  Values  are  mean  ± 
SEM  from  five  experiments  performed  in  triplicate. 
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growth-promoting  and  -inhibiting  components;  this  was  a  particular  problem  for 
these  studies  because  we  were  interested  in  studying  signal  transduction  and 
receptor  expression  in  the  context  of  neuroglial  interaction,  and  thus  required  a 
model  in  which  we  had  precise  control  over  the  concentrations  of  individual  growth 
factors  or  cytokines.  For  these  reasons  we  modified  our  culture  techniques  to  the  use 
of  a  serum-free  chemically  defined  medium.49  This  method  employed  the  same  basal 
medium,  DMEM,  but  rather  than  supplementing  with  FCS  it  was  supplemented  with 
eight  defined  components:  transferrin  (50  |xg/mL),  D-Biotin  (10  ng/mL),  selenium 
(5.2  ng/mL),  fibronectin  (1.5  |xg/mL),  heparin  sulfate  (0.5  |xg/mL),  epidermal 
growth  factor  (10  ng/mL),  fibroblast  growth  factor  (5  ng/mL),  and  insulin  (5 
(xg/mL);  a  modification  of  the  G-5  medium  of  Michler-Stuke  et  al.50  When  cultured 
under  these  conditions  astrocytes  had  a  highly  branched,  stellate  shape  (Fig.  4B), 
more  similar  to  the  morphology  of  astrocytes  in  vivo. 


Robust  Stimulation  of  Phosphoinositide  Hydrolysis 

In  addition  to  the  morphological  changes,  this  manipulation  of  the  growth 
conditions  produced  a  radical  alteration  in  the  signal  transduction  properties  of 
these  cells.49  When  astrocytes  were  grown  in  secondary  culture  with  FCS- 
supplemented  DMEM,  application  of  a  maximally  effective  concentration  of  trans- 
ACPD  (500  |xM,  60  min)  produced  an  accumulation  of  inositol  monophosphate 
(IPi),  which  was  approximately  threefold  that  of  unstimulated  cultures  (3.2  ±  0.5 
fold  of  basal,  n  =  5;  Fig.  4C).  However,  in  sister  cultures  maintained  in  secondary 
culture  in  the  defined  medium,  trans-ACPD  stimulated  IPi  accumulation  more  than 
40-fold  (43.2  ±  3.6  fold  of  basal,  n  =  5;  Fig.  4C).  The  ability  of  two  other  mGluR 
agonists,  quisqualate  and  glutamate  itself,  to  stimulate  PI  hydrolysis  was  similarly 
enhanced  (not  shown).  This  exciting  finding  indicates  a  dynamic  capability  for 
astrocytes  to  respond  to  glutamate  and  suggests  that  previous  studies  using  astrocytes 
cultured  with  serum-containing  media  had  underestimated  this  potential. 

Subsequently  we  examined  the  mechanism  for  this  dramatic  change  in  the  PI 
response  to  determine  whether  this  alteration  represented  a  nonspecific  sensitiza¬ 
tion  of  PI  hydrolysis  or  whether  the  alteration  was  more  selective  to  some  component 
of  an  mGluR  signaling  pathway.  When  stimulation  of  PI  hydrolysis  by  agonists  of 
other  transmitter  systems  was  evaluated,  a  similar  marked  enhancement  in  PI 
hydrolysis  was  not  observed.  The  accumulation  of  IPi  stimulated  by  500  jxM 
norepinephrine  was  the  same  in  DMEM  +  10%  FCS  cultures  (12.3  ±1.3  fold  of 
basal,  n  =  3,  Fig.  5)  as  in  defined  medium  cultures  (12.6  ±  1.8  fold  of  basal,  n  -  3), 
whereas  stimulation  by  the  muscarinic  receptor  agonist  carbachol  (500  |xM)  was  only 
moderately  increased  in  defined  medium  cultures  (3.1  ±  0.3  fold  of  basal,  n  =  3,  Fig. 
5)  compared  to  DMEM  +  10%  FCS  cultures  (1.5  ±  0.2  fold  of  basal,  n  =  3). 
Because  the  dramatic  enhancement  in  the  stimulation  of  PI  hydrolysis  appeared  to 
be  selective  for  glutamate  agonists,  we  hypothesized  that  exposure  to  the  defined 
medium  components  had  altered  some  component  of  a  glutamatergic  signal  transduc¬ 
tion  system. 


Regulation  of  mGluR  Expression 

We  next  evaluated  the  expression  of  the  mGluRs  themselves.  Of  the  seven 
mGluR  subtypes  that  have  been  characterized,  two  of  these — mGluRl  and  mGluR5 — 
have  been  shown  to  be  able  to  couple  to  PI  hydrolysis.614  Astrocytes  were  maintained 
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traiu-(±)-ACPD  Norepinephrine  Carbachol 

FIGURE  5.  Stimulation  by  the  indicated  agonists  (500  p.M,  60  min)  of  [3H]-IPi  accumulation  in 
astrocytes  prelabeled  with  [3H]-ww-inositol.  Values  are  mean  ±  SEM  from  five  experiments 
with  trans-{  ± )- ACPD  performed  in  triplicate  and  three  experiments  performed  in  triplicate 
with  norepinephrine  and  carbachol.  Basal  (unstimulated)  levels  of  [3H]-IP i  accumulation  were 
6,830  ±  820  dpm/well  in  DMEM  +  10%  FCS  cultures  and  4,010  ±  300  dpm/well  in  defined 
medium  cultures. 

for  4—5  days  in  secondary  culture  in  DMEM  supplemented  with  either  10%  FCS  or 
the  defined  medium  supplements.  Cultures  were  then  harvested  and  the  membranes 
prepared  for  Western  immunoblotting  against  antibodies  specific  for  either  mGluRla 
or  mGluR5.  Using  an  antibody  prepared  and  characterized  by  Martin  et  al.,51  we 
found  no  mGluRla  signal  in  membranes  prepared  from  astrocytes  cultured  under 
either  condition.  This  was  not  surprising  as  in  situ  hybridization  and  immunocytochem- 
istry  of  brain  slices  have  shown  that  mGluRl  is  restricted  to  neuronal  elements.5152 

However,  mGluR5  does  appear  to  be  expressed  in  astrocytes.  An  affinity-purified 
antibody  selective  for  mGluR5  was  generated  as  described53  using  a  synthetic 
peptide  corresponding  to  the  C-terminal  13  amino  acids  of  the  predicted  polypeptide 
sequence  of  the  mGluR5  cDNA.6  The  peptide  was  conjugated  to  thyroglobulin  using 
glutaraldehyde,  antisera  prepared,  and  antibodies  affinity-purified  using  standard 
techniques.54  The  anti-mGluR5  antibody  should  recognize  both  known  splice  vari¬ 
ants  mGluR5a  and  mGluR5p,n  because  the  variants  have  identical  C-terminal 
sequences,  but  the  antibody  does  not  recognize  mGluRla  (not  shown).  Although 
there  was  little  or  no  mGluR5  present  in  membranes  prepared  from  DMEM  +  10% 
FCS  cultures,  the  antibody  recognized  a  strong  band  at  approximately  145  kDa  in 
membranes  from  defined  medium  cultures  (Fig.  6).  Thus,  a  large  induction  in  the 
expression  of  mGluR5  corresponds  with  the  increased  ability  of  mGluR  agonists  to 
stimulate  PI  hydrolysis.  The  results  obtained  with  this  relatively  simple  manipulation 
of  the  culture  medium  indicate  that  expression  of  the  receptor  subtypes  can  be 
plastic  and  that  differential  plasticity  exists  even  between  subtypes  coupled  to  the 
same  transduction  mechanism. 

SUMMARY 

In  summary,  the  mGluRs  are  a  large  family  of  receptor  subtypes  with  diverse 
properties  in  terms  of  transduction  coupling,  pharmacology,  and  anatomical  distribu- 
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tion.  Many  divergent  studies  have  demonstrated  that  activation  of  these  receptors 
can  result  in  either  neuroprotection  or  neuropathology.  We  hypothesized  that  the 
mGluRs  of  astrocytes  may  have  a  role  in  determining  the  response  following 
administration  of  mGluR  agonists  in  vivo,  and  we  have  defined  a  suitable  in  vitro 
model  for  the  study  of  these  receptors.  The  experimental  plasticity  demonstrated  in 
the  astrocyte  culture  model  may  represent  a  more  general  principle  that  conditions 
in  the  microenvironment  may  differentially  alter  mGluR  subtype  expression  as  part 
of  development,  functional  specialization,  or  pathology.  This  astrocyte  model  of 
receptor  regulation  provides  a  system  suitable  for  studying  the  effects  of  specific 
growth  factors,  neurotrophins,  cytokines,  and  other  substances  released  by  neurons 
and  glia  that  may  act  in  both  autocrine  and  paracrine  fashions.  Alteration  in  the 
ratios  of  receptors  by  such  variables  could  then  modify  future  signaling  properties 
and  neuroglial  interactions,  a  form  of  conditioning  of  the  astrocytic  response  that 
would  alter  the  physiological  output  following  glutamate  release. 

One  measure  of  the  value  of  this  model  will  be  its  usefulness  in  stimulating  the 
generation  of  hypotheses  that  can  be  tested  in  vivo.  For  example,  the  morphology  of 
the  astrocytes  when  cultured  in  the  defined  medium  has  similarities  to  the  morphol¬ 
ogy  of  astrocytes  undergoing  reactive  gliosis  in  pathological  states.  It  is  also  interest¬ 
ing  to  note  that  treatments  that  have  been  reported  to  increase  excitatory  amino 
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FIGURE  6.  mGluR5  Western  blotting  of  astrocyte  membranes.  Standard  fractionation  tech¬ 
niques  were  used  to  prepare  crude  membrane  fractions  from  astrocytes  cultured  in  either 
DMEM  supplemented  with  10%  fetal  calf  serum  (FCS)  or  cultured  in  the  astrocyte  defined 
medium  (ADM).  For  electrophoresis,  membranes  were  dissolved  in  sample  buffer  containing 
20  mM  dithiotreitol  and  subjected  to  SDS-PAGE  in  7.5%  gels.  Separated  proteins  were 
transferred  to  Immobilon  P  membranes  (Millipore,  Bedford,  MA)  and  incubated  in  TTBS  (50 
mM  Tris  HC1, 154  mM  NaCl,  0.1%  Tween-20,  pH  7.5)  containing  2.5%  nonfat  dry  milk  for  15 
min,  then  overnight  in  the  same  buffer  together  with  antibody  (1:2500)  and  0.1%  sodium  azide. 
After  several  washes  in  TTBS,  the  membranes  were  incubated  in  TTBS/2.5%  milk  containing 
goat  anti-rabbit  coupled  to  horseradish  peroxidase  (1:2000,  GAR-HRP;  Fisher,  Pittsburgh, 
PA)  for  2  h.  After  several  washes  in  TTBS  immunoactive  bands  were  visualized  using  enhanced 
chemiluminescence  (ECL  reagent,  Amersham,  Arlington  Heights,  IL).  The  comparison  be¬ 
tween  the  two  culture  types  was  repeated  four  times  using  different  astrocyte  preparations.  A 
representative  blot  is  shown. 
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acid-stimulated  PI  hydrolysis  in  ex  vivo  brain  slices  (lesions,26  ischemia,27  and 
kindling25)  are  accompanied  by  reactive  gliosis.  Those  findings  combined  with  the 
present  in  vitro  results  lead  us  to  speculate  that  mGluR5  expression  may  also  be 
altered  in  vivo  during  reactive  gliosis.  If  so,  it  will  be  important  to  examine  the 
functional  consequences  of  such  a  change  with  regard  to  the  astrocytic  response  to 
injury  and  maintaining  the  balance  between  excitatory  transmission  and  excitotoxic- 
ity. 
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Several  investigations  stress  the  involvement  of  glutamate  and  its  receptors  in 
learning  and  memory.  The  hippocampal  region  attracted  early  attention  for  being 
involved  in  such  processes  in  man.1-2  Later,  long-term  potentiation  (LTP)  was  first 
ascribed  to  the  hippocampus  and  several  studies  have  developed  the  concept  as  a 
synaptic  model  for  memory.3-4  LTP  is  blocked  by  /v'-methyl-D-aspartate  (NMD A) 
receptor  antagonists  and  is  localized  to  several  different  glutamergic  pathways.5  LTP 
is,  however,  a  widespread  phenomenon  and  can  be  produced  throughout  the  limbic 
forebrain  including  the  entorhinal  area,  but  marked  differences  exist  between 
different  pathways.6  Further,  animal  studies  involving  selective  hippocampal  lesion 
have  not  been  able  to  confirm  a  global  mnemonic  role  of  the  hippocampus.7 
According  to  the  literature  on  the  rat,  the  hippocampus  appears  to  be  more  involved 
in  working  memory  than  in  reference  memory.8-9 

Human  investigations  on  memory  function  focused  on  the  neurochemical  and 
histological  changes  in  Alzheimer’s  disease.  Alzheimer’s  disease  is  a  form  of  demen¬ 
tia  characterized  histologically  by  the  presence  of  neurofibrillary  tangles  and  senile 
plaque  and  a  loss  of  pyramidal  cells  in  the  brain.  The  severity  of  the  dementia  is 
related  to  the  number  of  neurofibrillary  tangles  and  less  to  the  senile  plaques. 
Previously,  the  cholinergic  dysfunction  in  Alzheimer’s  disease  had  been  the  dominat¬ 
ing  concept,10  but  in  the  last  five  years  several  reviews  have  pointed  out  a  possible 
central  role  of  glutamergic  neurons  in  the  development  of  the  pathology.11-14  The 
ventromedial  temporal  lobe  including  the  entorhinal  cortex,  the  hippocampus,  and 
the  amygdala  are  the  most  markedly  atrophied  regions  in  Alzheimer’s  disease.  The 
association  areas  of  the  parietotemporal  and  prefrontal  cortex  are  involved  to  an 
intermediate  degree.15-16 

It  now  seems  accepted  that  the  first  cells  to  be  affected  with  neurofibrillary 
tangles  are  located  in  the  transentorhinal  cortex,  followed  by  the  perirhinal  cortex, 
the  entorhinal  cortex,  and  the  pyramidal  cells  in  CA1  and  subiculum.  This  hierarchy 
of  pathology  occurs  both  in  normal  aging  and  more  predominantly  in  Alzheimer’s 
disease.17-18  The  affected  areas  in  the  brain  seemed  to  be  closely  linked  with  the 
entorhinal  cortex.  An  area  separated  by  none  or  one  synapse  is  more  affected  than  an 
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area  separated  from  the  entorhinal  cortex  by  several  synapses.19  The  entorhinal 
cortex  is  linked  with  strong  projections  from  the  association  and  limbic  cortices.20 

In  view  of  the  emphasis  placed  on  entorhinal  and  perirhinal  cortices,  we 
investigated  some  glutamergic  parameters  after  surgical  transections  involving  these 
regions.  Further,  the  effects  of  rearing  animals  under  different  conditions  have  also 
been  investigated  both  neurochemically  and  in  terms  of  cognitive  functions.  Most 
importantly,  however,  we  investigated  the  effects  of  surgical  lesions  on  learning  and 
particularly  on  retention  of  memory.  Finally,  we  showed  how  glutamatergic  agonists 
can  ameliorate  the  effect  of  lesion  on  learning  and  retention  of  memory  and 
discussed  their  possible  therapeutic  potential  in  treatment  of  Alzheimer’s  disease. 


METHODS 

Rats  were  examined  in  a  visual  discrimination  test  in  which  the  task  was  to 
differentiate  one  aluminium  cylinder,  either  grey  or  black,  from  two  other  aluminium 
cylinders,  which  were  in  the  other  shade.21  Testing  was  carried  out  in  a  Plexiglas  cage 
(56  x  34  x  20  cm).  A  Plexiglas  wall  with  an  opening  (10  x  10  cm)  in  the  middle 
divided  the  apparatus  into  two  equal  compartments:  the  start  compartment  and  the 
goal  compartment.  In  the  goal  compartment  there  were  three  interchangeable 
aluminium  cylinders  with  a  round  well  in  the  top.  The  cylinders  were  placed  with 
equal  distance  between  them  along  the  wall  opposite  to  the  partition  wall.  Half  of  the 
animals  were  trained  with  the  black  cylinder  as  positive  and  the  other  half  with  the 
grey  cylinder  as  positive.  The  position  of  the  positive  cylinder  (left,  middle,  right)  was 
changed  in  a  prearranged  order  and  by  a  different  set  of  randomized  positions  on 
days  2  and  3  and  on  retention.  The  positive  cylinder  was  the  same  during  all  the 
testing  for  each  animal. 

During  acquisition  and  retention  testing  the  rats  were  deprived  of  water  for  23  Vi 
hours  a  day.  On  the  first  day,  each  rat  was  allowed  to  explore  the  empty  test 
apparatus  for  15  min.  On  the  second  day,  the  rats  were  trained  to  run  from  the  start 
to  the  goal  compartment  and  allowed  to  explore  the  cylinders  until  they  hit  the 
positive  one  with  water.  The  rats  were  given  10  trials  and  the  intertrial  interval  was  20 
s.  On  the  third  day,  the  animals  were  tested  until  five  correct  responses  in  succession 
were  obtained.  Both  the  number  of  errors  and  the  number  of  trials  until  the  learning 
criterion  had  been  reached  were  noted.  In  order  to  drink  or  to  investigate  whether 
the  well  contained  water,  the  rat  had  to  stand  on  its  hind  legs  with  at  least  one 
forepaw  on  top  of  the  cylinder.  Error  was  scored  when  the  animal  mounted  a 
negative  cylinder  to  drink  and  not  when  they  only  investigated  the  cylinders  apart 
from  the  well.  The  animals  were  operated  on  day  4  as  described  below.  Intraperito- 
neal  injections  of  glutamatergic  agonists  were  given  immediately  after  the  operation 
and  at  two  and  ten  days  after  surgery.  The  animals  were  tested  for  retention  12  days 
after  surgery,  that  is,  on  day  16. 

The  animals  were  first  operated  on  for  the  learning  paradigm.  Eight  days  later 
they  were  trained  with  the  same  procedure  as  described  above. 


Surgery 

The  rats  were  anesthetized  intraperitoneally  with  diazepam  (10  mg/kg)  and 
fentanyl  fluanisone  (2  mg/kg)  and  placed  in  a  stereotaxic  head  holder.  The  lesions 
were  made  mechanically  by  means  of  the  sharp  edge  of  cannula  (diameter  0.5  mm)  as 
described.21 
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Neurochemical  Assays 

High-affinity  D-aspartate  uptake  was  taken  as  a  marker  for  glutamergic  nerve 
terminals  and  assayed  as  described  by  Lund  Karlsen  and  Fonnum.22  Choline 
acetyltransferase  and  glutamate  decarboxylase  were  used  as  markers  for  cholinergic 
and  GABAergic  nerve  terminals,  respectively.  Choline  acetyltransferase  and  gluta¬ 
mate  decarboxylase  were  assayed  by  previously  described  methods.23  24  Tissue  samples 
were  taken  from  the  temporal  cortex  (TC),  the  lateral  entorhinal  cortex  (LEC)  or  the 
frontal  cortex. 


RESULTS  AND  DISCUSSION 
Neurochemical  Studies  of  Entorhinal  and  Temporal  Cortices 

The  importance  of  the  entorhinal  and  temporal  cortices  in  cognitive  and  mne¬ 
monic  processes  prompted  us  to  investigate  some  neurochemical  parameters  in  these 
regions.  We  found  a  20%  higher  level  of  high-affinity  D-aspartate  uptake  in  a 
homogenate  from  the  left  LEC  than  from  the  right  side  in  normal  rats  (p  <  0.05). 
Such  a  lateralization  was  not  found  in  the  TC  or  for  the  other  parameters  such  as 
choline  acetyltransferase  and  glutamate  decarboxylase.25  This  lateralization  is  also 
consistent  with  the  effect  of  unilateral  lesion  on  retention  of  memory  (Table  1). 


table  i.  Changes  in  Retention  of  a  Visual  Discrimination  Task  following 
Transections  of  Temporoentorhinal  Connections _ _ 


Lesions 

Prior  Learning 
Trials  (/z) 

Retention  (12  days) 

Trials  (, n ) 

Errors  (n) 

No  lesion 

18 

6.5 

1.4 

Bilateral  TC/LEC 

18 

22.7* 

8.6* 

Left  TC/LEC 

16 

12° 

3* 

Right  TC/LEC 

17 

5 

0 

Bilateral  medial  perforant  path 

18 

6.3 

1.1 

Bilateral  lateral  perforant  path 

19 

7.4 

1.3 

Bilateral  dorsal  hippocampus 

18 

6.9 

1.4 

Abbreviations:  TC,  temporal  cortex;  LEC,  lateral  entorhinal  cortex. 
ap  <  0.05. 


Further  support  for  the  lateralization  of  glutamergic  activity  in  LEC  is  the  consistent 
enlargement  of  the  lesions  in  the  left  LEC  after  systemic  administration  of  glutamer¬ 
gic  agonists.26  When  the  TC/LEC  connections  were  transected  at  the  level  of  the 
perirhinal  cortex,  a  40%  reduction  in  high-affinity  D-aspartate  uptake  in  both 
denervated  cortices,  demonstrating  a  reciprocal  glutamergic  connection  (p  <  0.01). 
No  corresponding  effects  on  glutamate  decarboxylase  or  choline  acetyltransferase 
were  found.  The  remaining  glutamergic  activities  in  LEC  and  TC  indicate  other 
glutamergic  inputs,  for  example,  from  associative  cortical  connections.27 

It  is  well  known  than  environmental  factors  can  modify  the  development  of  the 
central  nervous  system.  Rosenzweig  and  co-workers  showed  that  rats  reared  in  an 
enriched  environment  had  increased  brain  weight,  higher  acetylcholinesterase  activ¬ 
ity,  and  an  increased  number  of  dendritic  spines  compared  to  rats  housed  in  an 
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isolated  environment.28  We  focused  on  the  effect  of  different  rearing  conditions  on 
the  glutamergic  and  cholinergic  systems  in  entorhinal  and  temporal  cortices29 
(Table  2).  Three  groups  of  rats  (25  days  old)  were  reared  under  isolated,  social  or 
enriched  conditions  for  two  months.  The  isolated  rats  were  reared  in  a  Plexiglas  cage 
alone.  The  social  rats  were  reared  in  groups  of  five  in  a  large  Plexiglas  cage.  The 
enriched  group  was  reared  in  groups  of  five  in  a  similar  large  cage  containing  three 
objects  that  were  changed  three  times  a  week. 

A  significant  difference  in  D-aspartate  uptake  was  present  in  LEC,  in  correlation 
with  the  more  enriched  rearing  conditions  (Table  2).  The  enriched  group  showed  a 
significant  increase  compared  to  the  isolated  group  ( p  <  0.01).  In  the  enriched 
group  there  was  slightly  higher  uptake  activity  in  LEC  than  in  both  temporal  and 
frontal  cortices.  No  differences  in  choline  acetyltransferase  were  found  between  the 
different  groups  or  between  the  three  cortical  areas.  The  enriched  group  had  a 
slightly  lower  body  weight  than  the  other  two  groups.29 


TABLE  2.  Biochemical  Parameters  and  Cognitive  Function  in  Lateral  Entorhinal 
Cortex  of  Rats  Reared  under  Different  Conditions 


A.  Biochemical  Parameters 

Isolated 

(10)" 

Social 

(10) 

Enriched 

(10) 

HA  DAsp  uptake 

1261 

1436 

1579 

ChAT 

527 

528 

519 

Acquisition 

Retention 

Day  1 

(Day  2) 

(Day  14) 

B.  Cognitive  Function 

Errors6 

Errors6  Trials 

Errors 

Trial* 

Isolated  (7) 

4(2-5) 

1  (0-2)  17  (15-21) 

1(0-2) 

8  (5-11) 

Enriched  (8) 

2  (1-3) 

0  (0-1)  15  (15-16) 

0(0) 

5  (5-7) 

‘’Number  of  samples  indicated  in  parentheses. 
bp  <  0.05. 


The  level  of  D-aspartate  uptake  correlated  significantly  with  both  the  acquisition 
and  the  retention  of  the  brightness  discrimination  task  (Table  2).  These  findings 
need  not  mean  that  uptake  activity  or  glutamergic  terminals  in  LEC  are  casually 
related  to  behavior.  Together  with  other  findings  in  this  paper,  however,  they 
strengthen  the  case  for  an  involvement  of  LEC  in  learning  and  memory. 


Studies  on  Learning  and  Retention  of  Memory  after  Brain  Lesions 

We  studied  the  acquisition  and  retention  of  memory  in  a  series  of  surgical  lesions 
including  entorhinal  cortex,  temporal  cortex,  perirhinal  cortex,  and  hippocam¬ 
pus.2130  Transection  of  the  white  matter  in  the  rhinal  sulcus  disrupts  the  reciprocal 
connections  between  TC,  perirhinal  cortex,  and  LEC.  Bilateral  transections  resulted 
in  a  dramatic  impairment  in  retention  of  the  visual  discrimination  task  (Table  1). 
When  unilateral  transection  was  carried  out  involving  the  left  side,  the  one  with  the 
highest  D-aspartate  uptake  activity,  a  marked  reduction  also  occurred  in  retention  of 
the  task.  Transection  involving  the  right-hand  side  showed  no  effect  or  even  a  slight 
improvement  in  the  retention  of  this  task. 

A  corresponding  retention  deficit  could  not  be  observed  with  a  bilateral  transec¬ 
tion  of  the  medial  or  lateral  perforant  path  or  by  a  bilateral  removal  of  two-thirds  of 
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the  hippocampus  (Table  1).  The  lesions  involving  the  perforant  path,  however, 
affect  the  animal’s  exploratory  behavior  and  reaction  to  novelty.31 


Role  of  Glutamergic  Receptors  in  Cognitive  Function  and  Alzheimer’s  Disease 

The  glutamergic  receptors  are  separated  into  NMDA  receptors,  AMPA/kainate 
receptors,  and  metabotrophic  receptors.32  The  NMDA  receptor  consists  of  several 
subunits  called  NMDAR1,  NMDAR2A,  NMDAR2B,  NMDAR2C,  and  NMDAR2D. 
Heteromeric  assemblies  of  these  subunits  give  receptors  that  react  very  differently 
with  glycine.33  The  AMPA/kainate  receptor  consists  of  several  subunits,  some  with 
high  affinity  for  AMPA  and  some  with  high  affinity  for  kainate.34  So  far,  six  or  seven 
metabotrophic  receptors  have  been  identified.35 

Several  examples  in  the  literature  show  that  NMDA  receptor  antagonists  will 
block  learning.  The  most  prominent  are  probably  the  works  of  Morris  and  col¬ 
leagues3637  who  showed  that  intraventricular  infusion  of  the  antagonist  dlAP-5 
caused  an  impairment  of  spatial  learning,  but  not  the  retention  of  previously 
acquired  spatial  information.  It  also  blocked  LTP  in  vivo  without  blocking  normal 
synaptic  transmission.  Ingram  et  al3Z  showed  a  dose-dependent  impairment  of  maze 
performance  after  giving  dizocilpine  (MK801).  Watanabe  et  al .3^  showed  that 
intraventricular  injection  of  7-chlorokynurenic  acid,  a  selective  antagonist  at  the 
glycine  site  of  the  NMDA  receptor,  inhibited  LTP  and  impaired  spatial  learning  in 
rats. 

Several  studies  exist  on  changes  in  the  sodium-independent  glutamate  binding, 
that  is,  receptor  binding,  in  brains  of  patients  with  Alzheimer’s  disease.  Earlier 
studies,  using  less  specific  assays,  showed  a  dramatic  fall  in  NMDA  receptors  in  the 
hippocampus  and  parahippocampal  region.40  The  issue  was  reexamined  with  10 
Alzheimer  brains,  nine  controls,  and  six  demented  brains.  Overall,  there  was  a  50% 
loss  of  NMDA  receptors  in  the  pyramidal  cell  layer  of  CA1  and  a  40%  loss  in  CA3 
compared  to  control  and  demented  brains 41  The  decrease  in  NMDA  receptor 
binding  was  confirmed  in  an  investigation  of  a  number  of  very  old,  nondemented  or 
demented  women  and  younger  control  brains42  (27-64  years).  A  reduction  in  NMDA 
and  kainic  acid  receptor  binding  was  found  in  very  old,  nondemented  women 
compared  to  controls,  and  a  further  significant  reduction  was  found  in  Alzheimer 
brains.  There  was  also  some  correlation  with  mental  status,  the  number  of  neurofi¬ 
brillary  tangles,  and  the  loss  of  receptor  binding  in  CA1  of  hippocampus.  Jansen  et 
al.43  found  a  decrease  of  50%  in  NMDA  receptor  binding,  binding  to  the  ion  channel 
and  to  the  glycine  site  in  the  CA1  region  of  hippocampus.  Other  studies  have  not 
been  able  to  confirm  a  loss  of  NMDA  receptors  in  hippocampus  in  Alzheimer’s 
disease.44-46 

Procter  et  al41  studied  3H[MK801]  binding  to  the  ion  channel  of  the  NMDA 
receptor  and  reported  reduced  glycine  stimulation  in  samples  from  frontal,  parietal, 
and  temporal  cerebral  cortex  of  Alzheimer’s  disease  brains.  This  finding  was  later 
challenged.4348  Glycine  binding  can  easily  escape  detection  in  membranes  that  are 
not  well  washed  or  contain  an  endogenous  agonist.  In  the  three  cases  above,  a 
reduction  of  30-50%  occurred  in  the  fully  stimulated  NMDA  receptor  binding. 
There  was  no  significant  loss  in  the  parietal  and  temporal  cortices.47 

In  general,  there  is  a  reduction  in  NMDA  receptor  binding  in  the  hippocampus 
and  parahippocampal  regions.  Little  evidence  supports  the  view  that  the  properties 
of  the  receptor  have  been  altered.  One  should  keep  in  mind  that  there  are  several 
forms  of  the  NMDA  receptor,  which  will  differ  slightly  in  their  properties.  Although 
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this  has  not  yet  been  demonstrated,  it  may  be  that  some  forms  of  NMDA  receptors 
are  more  resistant  to  loss  than  others  during  Alzheimer’s  disease. 

Both  Jansen  et  a/.43  and  Dewar  et  al.,49  but  not  Penney  et  al .,41  found  a  loss  of 
AMPA  binding  in  CA1  and  the  subicular  regions  of  the  hippocampal  and  the 
parahippocampal  regions.  It  is  in  this  context  interesting  to  note  that  aniracetam,  a 
so-called  nootropic  drug,  improved  synaptic  neurotransmission  mediated  by  AMPA 
receptors.50  Because  the  AMPA  receptor  is  often  colocalized  with  the  NMDA 
receptor,  a  loss  of  both  receptors  is  not  surprising.  ... 

Dewar  et  al.49  found  a  reduction  in  glutamate  metabotrophic  receptor  binding  in 
CA1,  and  the  loss  was  larger  than  could  be  accounted  for  by  the  loss  of  neurons.  The 
metabotrophic  receptors  may  play  a  role  in  the  release  mechanism  of  neurotransmit- 

ters. 

The  memory  dysfunction  in  rats  with  TC/LEC  lesions  could  be  effectively 
ameliorated  by  intraperitoneal  injection  of  NMDA  or  AMPA/kainate  receptor 
agonists  (Table  3).  The  agonists  were  given  one  day  after  acquisition  of  the  task  and 


table  3.  Effect  of  Glutamergic  Agonist  on  Retention  of  Visual  Discrimination  Task 
in  TC-LEC  Transected  Rats  _ _ 


Prior  Learning 

Retention  (12  days) 

Dose  (mg/kg) 

Trials  ( n ) 

Trials  ( n ) 

Errors 

Untransected  4-  saline 
Transected  + 

18.8 

6.8a 

0.5 

Saline 

17.3 

22.5 

9.5 

NMDA 

50 

18.0 

7.0° 

0.8 

Glycine 

750 

17.5 

5.7a 

0.3 

AMPA 

2.5 

19.3 

6.8° 

0.7 

Kainate 

5 

17.6 

14.7 

4.2 

Adrenaline 

0.1 

16.8 

19.7 

6.0 

Bretylium  +  glycine 

5  +  750 

17.6 

6.0 

0.5 

HA966  4  glycine 

30  +  750 

17.8 

18.5 

8.2 

TC,  temporal  cortex;  LEC,  lateral  entorhinal  cortex. 

ap  <  0.01. 


thus  immediately  after  the  surgical  transection.  The  chemical  compounds  were  also 
given  two  days  after  and  sometimes  ten  days  after  the  lesion.  They  were  also  given  in 
high  enough  doses  to  pass  through  the  blood-brain  barrier.  The  glycine  concentra¬ 
tion  used  was  high  enough  to  cause  temporary  paralysis  of  the  hind  legs  for  a  few 
minutes,  and  kainic  acid  produced  “wet  dog  shakes.”  Both  NMDA  and  glycine 
restored  the  memory  retention.51  When  glycine  was  used  in  half  the  concentration 
(375  mg/kg),  it  had  a  weaker  effect.26  When  HA-966,  an  antagonist  of  the  glycine  site 
in  the  NMDA  receptor,  was  given  30  min  before  glycine,  no  restoration  of  memory 
function  was  found  (Myhrer,  unpublished  data). 

The  agonists  did  not  act  by  way  of  a  peripheral  adrenergic  mechanism  because 
blockade  of  adrenergic  release  with  bretylium  did  not  reduce  the  positive  effect  of 
glycine.51  AMPA  had  a  positive  effect,  whereas  kainic  acid,  which  had  an  additional 
toxic  effect,  was  less  effective.  The  results  showed  that  both  NMDA  receptor  agonists 
affecting  the  glycine  site  of  the  NMDA  receptor  and  AMPA/kainate  receptor 
agonists  restored  the  memory  function  after  surgical  lesion  of  TC/LEC.  Full 
improvement  was  also  seen  in  proactive  memory  when  glycine  was  given  prior  to 
training.26 
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While  this  work  has  been  in  progress,  several  other  reports  have  been  published 
that  support  a  positive  effect  of  glutamate  agonists  in  learning  and  memory  in  animal 
experiments.  In  mice  that  were  trained  on  a  shock  avoidance  learning  paradigm,  it 
was  shown  that  intraventricular  injection  of  L-glutamate,  L-aspartate,  (±)(3-p-chloro- 
phenylglutamate,  kainate,  and  quisqualate  improved  retention  after  one  week  in  a  dose- 
dependent  manner,  whereas  D-glutamate  did  not.52  Similarly,  milacemide,  a  glycine 
prodrug,  enhanced  performance  in  a  learning  task  in  normal  and  amnestic  rodents.53 


Experiments  with  Cycloserine,  a  Partial  NMDA  Agonist 

D-Cycloserine  is  a  potent  partial  agonist  which  acts  on  the  glycine  site  of  the 
NMDA  receptor.  It  possesses  60%  of  the  maximal  response  of  glycine  and  passes 
easily  through  the  blood-brain  barrier.54  Cycloserine  stimulates  MK-801  binding  to 
the  NMDA  receptor  equally  efficiently  in  membranes  from  the  inferior  parietal 
cortex  of  both  control  and  Alzheimer  brain.55  Cycloserine  has  been  used  as  an 
antibiotic  against  tuberculosis  and  has  been  given  to  humans  in  rather  high  concen¬ 
tration  (0.5-1.0  g).  When  cycloserine  was  given  in  a  single  dose  to  TC/LEC 
transected  rats,  it  effectively  restored  memory  provided  it  was  given  within  a  few  days 
after  the  operation  or  just  prior  to  the  retrieval.  It  is  suggested  that  the  action  profile 
of  cycloserine  may  reflect  effects  of  both  functional  (LTP)  and  pharmacological 
mechanisms. 

Monahan  et  al.5A  was  the  first  to  show  that  the  partial  agonist  cycloserine  (3 
mg/kg)  could  improve  learning  and  memory  in  a  one-trial  passive  avoidance  test  and 
in  reversal  of  T-maze  learning.  Sirvio  etal.56  and  Fishkin  etal.57  extended  Monahan’s 
findings  by  using  rats  pre treated  with  scopolamine  (1  mg/kg)  in  a  water-maze  test 
and  found  improvement  in  performance  with  varying  doses  of  cycloserine.  Flood  et 
al.S8  obtained  improvement  in  performance  of  a  footshock  test  with  cycloserine  for 
both  young  and  senescent  rats  treated  with  different  doses  of  scopolamine.  Schuster 
and  Schmidt59  obtained  positive  results  with  cycloserine  (12  mg/ kg)  given  to  rats  with 
hippocampal  lesions  30  min  before  testing  of  working  memory  in  an  allocentric 
reversal  test. 

In  contrast,  Rupniak  et  al.60  examined  the  effect  of  cycloserine  on  primates 
treated  with  scopolamine  and  did  not  find  any  improvement  in  a  visual-spatial 
memory  test.  The  concentration  of  cycloserine  used  ranged  from  3  to  14  mg/kg. 
When  we  compare  this  dose  to  that  given  to  humans  (see  next  section),  this  may  be 
too  high  a  dose.  An  overview  of  studies  involving  cycloserine  in  cognitive  function  is 
presented  in  Table  4. 


Experiments  of  Cycloserine  in  Humans 

Twenty-four  healthy,  young  male  and  24  healthy,  elderly  male  and  female  (age 
63-75)  volunteers  participated  in  two  identical  studies  using  a  double-blind  placebo- 
controlled  Latin  square  design.61  The  participants  received  scopolamine  0.5  mg 
(young)  and  0.2  mg  (old)  and  later  0,  5, 15  or  50  mg  cycloserine.  For  young  subjects, 
15  mg  D-cycloserine  antagonized  the  scopolamine-induced  decrement  in  three 
memory  tasks.  Less  or  no  significant  effects  were  seen  with  5  or  50  mg  doses.  In  older 
subjects,  5  mg  cycloserine  significantly  reduced  the  decrement  in  a  word  recognition 
test.  A  similar  but  smaller  effect  was  seen  with  15  mg,  whereas  50  mg  was  inefficient. 
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table  4.  Experiments  Involving  Cycloserine  in  Cognitive  Function 


Authors 

Species 

Status 

Cycloserine 

(mg/kg) 

Results 

Monahan  etal ,54 

Rat 

Normal 

Passive  avoidance 
Reversal  of  T-maze 

3 

+ 

Sirvio  etal 56 

Rat 

Scopolamine 

Water  maze 

+ 

Fishkin  et  al51 

Rat 

Scopolamine 

Water  maze 

3, 10, 30 

+ 

Flood  et  al.5S 

Rat 

Senescent  rats 

Foot  shock 

20 

+ 

Schuster  &  Schmidt59 

Rat 

Hippocampal 

lesion 

8-Arm  maze 

12 

+ 

Rupniak  et  al 60 

Primates 

Scopolamine 

Visual-spatial 

memory 

3-14 

Jones  etal61 

Human 

Scopolamine 

Several  tests 

5, 15  mg° 

+ 

"Dose  per  individual. 


We  (Wangen  et  al,  unpublished  data)  studied  the  effects  of  D-cycl.oserine  (0,  5, 
and  15  mg)  on  six  persons  with  Alzheimer’s  disease  (Table  5).  The  patients  were  not 
on  medication,  and  the  symptoms  ranged  from  those  of  a  recently  acquired  illness  to 
severe  symptoms  of  Alzheimer’s  disease.  The  patients  were  nursed  at  home  by  their 
families.  The  patients  received  in  three  consecutive  weeks  placebo  tablets,  5  mg 
tablets  or  15  mg  tablets,  in  a  prearranged  order.  The  studies  were  carried  out  double 
blind.  The  patients  were  tested  before  the  study  started  to  obtain  the  baseline  level 
and  during  the  last  day  on  receiving  each  dose.  The  results  show  that  five  of  six 
patients  responded  better  with  both  doses  of  D-cycloserine  than  with  placebo  in  the 
trial-making  test.  In  the  object-learning  test  three  were  better  with  the  low  dose,  one 
was  better  with  the  high  dose  and  the  remaining  two  were  equal  to  the  placebo.  In 
one  instance  the  family  reported  a  significant  improvement  in  behavior,  and  also  in 
another  case  there  was  also  some  improvement  during  cycloserine  administration. 


table  5.  Clinical  Testing  of  Low  or  High  Dose  of  D-Cycloserine  in  Patients  with 
Alzheimer’s  Disease0 


Patient 

Object  Learning  Test6 

Trial  Making  Testc 

Base 

Placebo 

Cycloserine 

Base 

Placebo 

Cycloserine 

Low 

High 

Low 

High 

AA 

36 

33 

38 

32 

50 

42 

27 

32 

BB 

22 

21 

34 

19 

65 

66 

51 

46 

CC 

25 

27 

28 

23 

119 

58 

83 

64 

DD 

14 

23 

23 

17 

510 

241 

127 

198 

EE 

19 

23 

20 

23 

144 

217 

139 

184 

FF 

16 

18 

18 

21 

66 

61 

58 

49 

"Low  dose  of  D-cycloserine  =  5  mg;  high  dose  =15  mg. 
^Expressed  in  points. 
cExpressed  in  seconds. 


CONCLUDING  REMARKS 

In  this  paper  we  focused  on  the  glutamatergic  connections  between  entorhinal 
and  temporal  cortices  and  their  importance  for  learning  and,  more  significantly,  for 
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retention  of  memory.  The  glutamergic  transmission  in  the  lateral  entorhinal  cortex  is 
subjected  to  a  slight  degree  of  lateralization  and  also  is  affected  by  the  conditions  of 
rearing  the  animals.  In  both  cases  increased  glutamergic  activity  correspond  to  an 
improved  ability  of  learning  and  retention  of  memory.  Administration  of  glutamergic 
agonists,  both  of  the  NMDA  and  AMPA  types,  restores  the  mnemonic  function 
following  a  transection  of  the  connection  between  entorhinal  and  temporal  cortex. 
Several  studies  show  cycloserine,  a  partial  NMDA  agonist,  is  effective  in  improving 
mnemonic  processes  in  man  and  animals  with  brain  lesions  or  manipulated  with 
scopolamine,  a  muscarinic  antagonist.  The  study  shows  that  cycloserine  or  similar 
compounds  may  have  a  positive  effect  on  patients  with  Alzheimer’s  disease  and 
provides  a  basis  for  investigating  further  such  a  therapy. 
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Acute  low-dose  administration  of  phencyclidine  (1,1-phenylcyclohexylpiperidine; 
PCP)  induces  a  schizophrenia-like  psychotic  state  in  nonpsychotic  subjects.  By 
contrast  to  amphetamine  administration,  PCP  psychosis  incorporates  negative  symp¬ 
toms  (withdrawal,  negativism,  autism)  and  cognitive  dysfunction  (impairment  of 
abstract  thinking,  symbolic  thinking,  attention,  and  perception),  as  well  as  positive 
symptoms  closely  resembling  those  in  schizophrenia.1-8  Neuropsychological  tests 
requiring  sustained  attention  and  paired-associate  learning  are  most  affected  by 
low-dose  PCP  administration,1  suggesting  that,  as  in  schizophrenia,9-10  prefrontal  and 
temporohippocampal  processing  may  be  most  severely  disturbed  by  PCP.  Further¬ 
more,  subjects  with  schizophrenia  are  uniquely  sensitive  to  the  psychotomimetic 
effects  of  PCP.  A  single  dose  of  PCP  administered  to  recompensated  schizophrenic 
subjects  recreated  the  presenting  symptomatology  for  days3  to  weeks2-5  without 
inducing  symptoms  and  signs  atypical  of  schizophrenia;  by  contrast,  psychotomimetic 
PCP  effects  in  normal  subjects  typically  resolve  within  four  to  six  hours,  although  a 
minority  of  subjects — approximately  20% — may  develop  symptoms  for  a  longer 
period  of  time.  Subjects  predisposed  to  schizophrenia  based  upon  premorbid  symp¬ 
toms  or  family  history  appear  to  be  at  increased  risk  for  developing  prolonged 
symptoms.11  Nonschizophrenic  patients  with  PCP  psychosis  are  difficult  to  differenti¬ 
ate  from  acute  schizophrenics  on  the  basis  of  presenting  symptomatology  alone.11-12 
Administration  of  PCP  to  monkeys  can  simulate  the  abnormalities  in  event-related 
potentials  seen  in  schizophrenic  subjects.13-14  Finally,  patterns  of  brain  metabolism 
determined  by  positron  emission  tomography  in  nonschizophrenic  chronic  PCP  users 
have  been  reported  to  be  abnormal  and  to  resemble  patterns  seen  in  chronic 
schizophrenics.15 

At  serum  concentrations  (10-100  nM)  calculated16  to  result  from  the  selectively 
psychotomimetic  human  dose  of  0.1  mg/kg  of  PCP,  the  only  significant  central 
nervous  system  (CNS)  target  site  is  the  PCP  receptor,  which  has  a  nanomolar  affinity 
for  PCP  and  binds  PCP-like  drugs  with  affinities  paralleling  their  potencies  in 
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evoking  PCP-specific  behaviors  (reviewed  in  ref.  17).  The  location  of  the  PCP 
receptor  within  the  interior  of  the  ion  channel  gated  by  the  V-methyl-D-aspartate 
(NMDA)  receptor  dictates  that  binding  of  PCP  receptor  ligands  blocks  NMDA 
receptor-mediated  ion  flux  in  a  fashion  that  cannot  be  surmounted  by  increasing 

agonist  (L-glutamate)  concentration.  . 

The  association  of  PCP-induced  blockade  of  NMDA  receptor  channels  with 
induction  of  a  schizophrenia-like  psychosis  in  normal  subjects  and  with  long-lasting 
exacerbation  of  illness  in  previously  stabilized  schizophrenic  patients  suggests  that 
an  endogenous  deficiency  of  NMDA  receptor-mediated  neurotransmission  may  play 

a  role  in  schizophrenia  (reviewed  in  ref.  17). 

A  particularly  intriguing  question  is  whether  neuroleptic-resistant  schizophrenia 
with  prominent  negative  and  cognitive  symptoms  may  benefit  from  pharmacological 
augmentation  of  NMDA  receptor-mediated  neurotransmission.  Of  the  multiple 
regulatory  sites  of  the  NMDA  receptor  (reviewed  in  ref.  17),  the  glycine  site  is  the 
most  logical  candidate  for  pharmacological  augmentation  of  NMDA  receptor  activa¬ 
tion.  The  NMDA  receptor  is  activated  according  to  a  multistate  system  m  which 
sequential  binding  of  two  molecules  of  the  agonist  L-glutamate  is  required  to  attain  a 
conformation  from  which  activation  can  take  place.18  Once  this  prerequisite  has 
occurred,  the  equilibrium  between  the  activated  and  the  resting  conformations  is 
regulated  by  the  local  concentration  of  glycine.  Glycine  acts  at  a  specific  strychnine- 
insensitive  binding  site  on  the  NMDA  receptor  complex.19  If  glycine  is  absent, 

NMDA  receptor  activation  is  not  observed.20  . 

No  high-affinity  transport  of  glycine  occurs  across  the  blood-brain  barrier,  so  that 
under  normal  circumstances  peripheral  glycine  contributes  little  to  CNS  glycine 
levels.21  However,  pharmacological  doses  of  glycine  have  been  shown  to  increase 
CNS  glycine  levels  in  rodents.22  23  Glycine  is  without  significant  side  effects  at  doses 
up  to  3  g/kg,24  and  has  been  employed  in  doses  as  high  as  60  g  per  day  without 

significant  toxicity.25  .  ,  .  .  . 

In  addition  to  increasing  brain  glycine  levels,  orally  administered  glycine  has 
been  shown  to  reverse  PCP-induced  behaviors  in  rodents,23  suggesting  that  the 
increased  brain  glycine  level  leads  to  potentiation  of  NMDA  receptor-mediated 
neurotransmission.  Furthermore,  a  high-affinity  glycine  reuptake  mechanism  has 
recently  been  described,  suggesting  a  physiological  mechanism  for  regulation  of 
synaptic  glycine  concentration  at  the  NMDA  receptor.26  .  . 

Previous  studies  of  glycine  therapy  in  schizophrenia  have  yielded  conflicting 
results,  possibly  because  of  variations  in  dosage,  patient  population,  and  rating 
instruments.27-30  In  a  study  conducted  at  Bronx  Psychiatric  Center,31  we  used  a  dose 
of  glycine  higher  than  that  used  in  any  previous  trial,  and  employed  a  rating 
instrument  designed  to  discriminate  negative  symptoms  from  positive  symptoms  and 
general  psychopathology.  Fourteen  male  subjects  meeting  DSM-III-R3-  criteria  tor 
schizophrenia  were  maintained  on  clinically  determined  optimal  doses  of  neurolep¬ 
tic  drug  and  randomly  assigned  to  receive  either  glycine  or  placebo.  Glycine  therapy 
was  titrated  upward  to  a  maximum  dose  of  0.4  g/kg  body  weight  (approximately  30  g 
per  day)  during  the  first  two  weeks  of  an  8-week  treatment  period.  After  completion 
of  the  double-blind  phase,  all  patients  were  offered  open-label  glycine  continuation 
for  an  additional  8-week  period.  One  additional  subject  was  treated  with  open-labe 
glycine  only.  Subjects  were  rated  with  the  Positive  and  Negative  Syndrome  Scale 
(PANSS)33  the  Extrapyramidal  Rating  Scale,34  and  the  Abnormal  Involuntary 
Movement  Scale  (AIMS).35  Statistical  analyses  (two-tailed)  were  accomplished  using 
the  SPSS/PC  +  computer  program.  Values  represent  mean  ±  standard  deviation. 

There  were  no  between-group  differences  in  age  (glycine,  36.0  ±  9.7  yr;  placebo, 
38.1  ±  7.2  yr),  duration  of  illness  (glycine,  15.5  ±  8.1;  placebo,  20.0  ±  6.6  yr)  or 
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dosage  of  neuroleptic  drug  (glycine,  1450  ±  826;  placebo,  1194  ±  658  chlorproma- 
zine  equivalents  per  day).  No  between-group  differences  were  found  in  baseline 
ratings  of  negative  symptoms  (glycine,  21.5  ±  8.6;  placebo,  24.6  ±  5.3),  positive 
symptoms  (glycine,  23.5  ±  5.6;  placebo,  22.2  ±  4.7)  or  general  psychopathology 
(glycine,  40.7  ±  7.9;  placebo,  45.0  ±  8.3).  A  decrease  in  negative  symptoms  was 
observed  in  all  subjects  who  received  glycine  during  the  double-blind  phase,  but  in 
only  2  of  7  subjects  who  were  given  placebo  (Fisher  exact  test  p  <  0.025).  Subjects  in 
the  glycine  group  showed  a  mean  percentage  improvement  of  15.3  ±  7.7%  as 
compared  to  1.4  ±  1.1%  in  the  placebo-treated  group  (t  =  5.28,  p  <  0.002).  Re¬ 
peated  measures  ANOVA  with  baseline  as  covariate  across  the  8-week  study  period 
demonstrated  significant  effects  of  glycine  (Fin  =  H-74,  p  =  0.006)  and  time 
(F18  =  8.11,  p  =  0.022)  and  also  a  significant  glycine-by-time  interaction  (Fi,8  =  8.34, 
p  =  0.02).  Subjects  who  received  glycine  during  the  double-blind  phase  did  not  show 
further  significant  change  in  negative  symptom  ratings  during  the  subsequent  open- 
label  extension.  By  contrast,  subjects  who  received  placebo  during  the  double-blind 
phase  showed  a  19.6  ±  10.0%  (t  =  5.19,  p  <  0.002)  improvement  in  negative 
symptoms.  Pooling  of  results  across  double-blind  and  open-label  phases  indicated  a 
highly  significant  17.1  ±  8.6%  improvement  in  negative  symptom  ratings  at  week  8  of 
glycine  treatment  (t  =  6.84,  p  <  0.0001).  Glycine  treatment  had  no  significant 
effects  on  ratings  of  positive  symptoms  (change  scores  0.9  ±  5.2  and  0.8  ±  6.0  for  the 
glycine-  and  placebo-treatment  groups,  respectively),  general  psychopathology 
(change  scores  3.3  ±  5.1  and  2.9  ±  6.9,  respectively),  or  on  EPS  or  tardive  dyskinesia 
parameters.  Pre-  minus  posttreatment  EPS  change  scores  for  the  glycine  and  placebo 
groups,  1.0  ±  3.1  and  4.0  ±  8.7,  did  not  differ  from  each  other  or  from  zero.  AIMS 
ratings  were  zero  to  minimal  in  both  glycine  and  placebo  groups  before  and  after 
treatment.  Glycine  treatment  was  not  associated  with  changes  in  serum  chemistry  or 
hematological  values.  One  subject,  while  receiving  double-blind  glycine,  reported 
lower-extremity  weakness  that  ceased  after  temporary  dose  reduction  and  did  not 
recur  following  resumption  of  the  full  dose. 

The  relatively  modest  magnitude  of  the  glycine  effect  observed  in  this  study  may 
stem  from  the  fact  that  peripherally  administrated  glycine  gains  entry  to  the  CNS 
only  via  passive  diffusion  across  the  blood-brain  barrier.  It  is  possible  that  higher 
doses  of  glycine  may  be  required  to  produce  more  robust  effects.  Other  agents  that 
have  been  evaluated  for  treatment  of  neuroleptic-resistant  negative  symptoms, 
including  anticholinergics36  and  dopamine  agonists,37  may  also  exacerbate  positive 
symptoms.  It  is  therefore  noteworthy  that  the  glycine-induced  reduction  in  negative 
symptoms  was  not  accompanied  by  an  increase  in  positive  symptoms.  The  failure  of 
glycine  to  improve  positive  symptoms  in  this  study  may  result  from  the  fact  that  all 
subjects  were  receiving  high  doses  of  neuroleptic  drugs.  We  showed  that  in  mice, 
peripheral  administration  of  haloperidol  (0.5  mg/kg)  30  min  after  peripheral  pretreat¬ 
ment  with  glycine  (0.4  g/kg)  or  saline  resulted  in  statistically  indistinguishable  brain 
haloperidol  levels  in  the  glycine-  and  saline-pretreated  groups,31  suggesting  that  the 
glycine-induced  decrease  in  negative  symptoms  observed  in  our  clinical  study  was  not 
due  to  a  glycine-induced  change  in  the  effective  dosage  of  the  neuroleptic  drug.  The 
lack  of  glycine-induced  change  in  EPS  scores  indicates  that  the  glycine-induced 
reduction  in  negative  symptoms  did  not  result  from  a  reduction  in  neuroleptic- 
induced  extrapyramidal  symptoms. 

These  results  provide  additional  support  for  the  hypothesis  that  impaired  NMDA 
receptor-mediated  neurotransmission  may  underlie  symptoms  of  schizophrenia  that 
respond  incompletely  or  not  at  all  to  treatment  with  neuroleptic  agents,  and  suggest 
that  emerging  knowledge  of  NMDA  receptor  regulation  should  be  exploited  to 
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develop  increasingly  effective  pharmacological  strategies  for  augmentation  of  NMD  A 
receptor  function. 
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Glutamate  is  the  principal  fast  excitatory  neurotransmitter  in  the  mammalian  brain. 
Aspartate,  various  sulfinic  or  sulfonic  analogues  of  glutamate  and  aspartate,  and 
some  dipeptides  such  as  jV-acetylaspartylglutamate  may  also  be  neurotransmitters. 
About  15  years  ago  it  was  proposed,  on  the  basis  of  pharmacological  and  electrophysi- 
ological  data,  that  glutamate  acted  on  three  subtypes  of  receptors  directly  linked  to 
channels  permeable  to  cations.1’2  These  are  named  after  their  preferred  agonists,  the 
a-amino-3-hydroxy-5-methyl-4-isoxazole  propionate  (AMPA),  kainate  (KA),  and 
/V-methyl-D-aspartate  (NMD A)  receptors.  Glutamate  also  acts  on  a  family  of 
G-protein-coupled  or  “metabotropic”  receptors  that  either  activate  phospholipase  C 
or  decrease  the  activity  of  adenylate  cyclase.3-4 

Glial  cells  possess  AMPA,  KA,  and  metabotropic  glutamate  receptors  (but  not 
NMDA  receptors).5  Astrocytes  show  a  calcium-dependent  release  of  glutamate  that 
can  be  triggered  by  bradykinin  and  other  agents  increasing  intracellular  calcium 
concentration  in  astrocytes.6  Thus  glia  can  both  respond  to  increases  in  extracellular 
glutamate  and  induce  neuronal  responses  (via  NMDA  receptors6)  to  glutamate. 


MOLECULAR  BIOLOGY  OF  IONOTROPIC  GLUTAMATE  RECEPTORS 

In  1989  the  application  of  expression  cloning  led  to  the  isolation  of  the  first 
functional  glutamate  receptor,  GluRl.7  Since  that  time,  22  genes  belonging  to  the 
GluR  ionotropic  family  and  7  genes  belonging  to  the  metabotropic  family  have  been 
identified.4  8’9  These  studies  have  confirmed  that  the  mammalian  glutamate  receptors 
controlling  ligand-gated  ion  channels  can  be  grouped  into  three  families  or  subtypes 
(FIG.  1).  The  four  subunits  that  constitute  the  AMPA  receptor  family  (known  as 
GluRl-4  or  GluRA-D)  are  of  similar  size  (approximately  900  amino  acids)  and  are 
approximately  70%  homologous.10  Each  subunit  exists  in  two  forms  (flip  and  flop) 
created  by  alternative  splicing.  These  variants  are  not  known  to  differ  pharmacologi¬ 
cally,  but  the  flip  form  is  more  efficient  than  the  flop  form.  Receptor  ion-channel 
complexes  are  thought  (on  the  basis  of  analogy  with  GABAergic  receptors)  to  be 
pentameric.  GluRl-4can  be  expressed  homomerically  as  functional  channels;  current/ 
voltage  relations  are  linear  for  GluR2,  but  inwardly  rectifying  for  the  other  receptors. 
GluR2  expressed  homomerically  or  when  coexpressed  with  GluRl  or  GluR3  does 
not  flux  Ca2+. 

Among  the  kainate  receptor  family  three  receptors,  GluR5,  GluR6,  and  GluR7, 
with  highly  (75-80%)  homologous  amino  acid  sequences  have  been  cloned.810 
GluR5  has  several  splice  variants  and  also  shows  RNA  editing  of  the  glutamine/ 
arginine  (Q/R)  site  on  the  transmembrane  domain  (TMD)  II  (as  does  GluR6). 
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G1uR5  and  GIuR6  can  be  functionally  expressed  in  oocytes  and  show  agonist 
activation  with  an  order  of  potency  domoate  >  kainate  >  glutamate  >  AMPA.  KA1 
and  KA2  show  slightly  greater  homology  with  GluR5-7  than  with  GluRl-4.  They 
appear  to  correspond  to  high-affinity  kainate  binding  sites.  KA2  forms  functional 
receptors  when  coexpressed  with  GluR5  or  GluR6. 

The  NMDAR1  subunit  was  isolated  by  expression  cloning  and  shown  to  form 
functional  homomeric  units.11'12  Three  different  sites  for  alternative  splicing  yield,  in 
combination,  eight  splice  variants  that  differ  significantly  in  their  pharmacology  for 
agonists  and  antagonists.13  They  also  show  marked  regional  differences  in  their 
distribution.14  These  two  observations  support  the  earlier  description  of  variations  in 
the  pharmacological  properties  of  NMDA  receptors  according  to  the  brain  region.15 
The  NMDA  receptor  ion  channel  is  highly  permeable  to  Ca2+.  Phosphorylation  by 
protein  kinase  C  (PKC)  has  a  marked  potentiating  effect  on  the  response  to 
glutamate. 


GLUTAMATE  RECEPTORS 
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FIGURE  1.  Ionotropic  glutamate  receptors  and  their  constituent  gene  products. 


NMDAR2A-D  receptor  subunits  are  functional  only  when  coexpressed  with 
NMDAR  1.  Their  coexpression  with  NMDAR  1  leads  to  a  marked  enhancement  of 
the  current  amplitudes  of  activation  compared  with  homomeric  NMDAR1;  they  also 
show  altered  pharmacology.  The  Mg2+  block  differs  markedly  between  the  heterom- 
ers,  being  strongest  in  NMDAR1/2A  and  NMDAR1/2B.  The  offset  time  is  fastest  in 
NMDAR1/2A  and  slowest  in  NMDAR1/2D.  Glycine  alone  (that  is,  without  gluta¬ 
mate)  can  activate  NMDAR1  /NMDAR2A,  B  or  C  when  expressed  in  oocytes  (but 
this  phenomenon  has  not  been  described  for  any  mammalian  neuron).  Like  NM- 
DAR1  the  NMDAR2  subtypes  have  an  asparagine  at  the  Q/R  site  on  the  TMD  II. 
The  variety  of  regulatory  sites  identified  on  the  NMDA  receptor  is  indicated  in 
Table  1.  The  properties  of  the  redox  site,  at  which  reducing  agents  potentiate  the 
action  of  glutamate,  vary  markedly  according  to  subtype  composition  in  recombinant 
NMDA  receptors.16 

Antagonists  show  preferential  actions  among  heterodimeric  NMDA  receptors; 
competitive  NMDA  antagonists  of  the  2-amino-5-phosphonovalerate  type  act  prefer¬ 
entially  on  NMDAR1  /NMDAR2A;13  ifenprodil  and  eliprodil  (polyamine  site  antago- 
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table  i.  Regulatory  Sites  on  the  NMD  A  Receptor 


Site 

Agonist 

Antagonist 

Glutamate  recognition 

Glutamate 

AP5,  AP7 

Aspartate 

Homocysteate 

CGS 19755 

NMDA 

Quinolinate 

D-CPPene 

Glycine  recognition 

Glycine 

5,7  Cbkynurenate 

D-Serine 

HA-966,  L-689, 560 

ACEA  1011, 1021 
MDL  105,572 


Open  channel 

Open  channel 

Open  channel  PCP  site 

Mg2+,  Co2+ 
n-Alkyl  diamines 
Phencyclidine 
Ketamine 

MK-801  (dizocilpine) 
CNS  1 102  (cerestat) 

Polyamine  site 

Spermine 

Ifenprodil 

Spermidine 

Eliprodil 

Redox  site 

Dithiothreitol 

Glutathione 

DTNB 

Proton  site 

H+ 

Zn2+  site 

Zn2+ 

Zn2+,  Cd2+ 

Phosphorylation  sites 

Tyrosine  kinases 

Protein  phosphatases 

nists)  act  preferentially  on  NMDAR1/NMDAR2B,17 19  and  glycine  site  antagonists 
of  the  7-Cl-kynurenate  type  act  preferentially  on  NMDAR1/NMDAR2C. 


METABOTROPIC  RECEPTORS 

The  glutamate  metabotropic  receptors  resemble  other  G-protein-coupled  recep¬ 
tors  in  having  seven  transmembrane  domains  but  they  show  no  sequence  homology 
with  other  G-protein-coupled  receptors.3 

mGluRl  and  mGluR5  have  significant  sequence  homology  and  are  coupled  to 
phospholipase  C,  causing  hydrolysis  of  phosphoinositides  to  diacylglycerol  (which 
activates  protein  kinase  C)  and  inositol  1,4,5-triphosphate  (IP3),  which  releases 
calcium  from  storage  in  the  endoplasmic  reticulum.  Activation  of  this  type  of  mGluR 
in  hippocampal  pyramidal  cells  causes  a  slow  outward  current  through  activation  of  a 
Ca2+  dependent  K+  current.20 

mGluR2  and  mGluR3  provide  a  family  of  metabotropic  receptors  that  are 
negatively  linked  to  adenylate  cyclase  activity.  In  the  olfactory  bulb,  mGIuR2 
function  as  presynaptic  inhibitors  of  glutamate  release.  In  contrast  to  mGluRl  and 
mGluR5,  glutamate  and  trans- ACPD  [(±)-l-aminocydopentane-rra/is-l,3-dicarbox- 
ylic  acid]  are  more  potent  agonists  than  quisqualate  at  these  receptors. 

A  third  family  of  metabotropic  receptors,  negatively  coupled  to  adenylate 
cyclase,  is  provided  by  mGluR4,  mGluR6,  and  mGluR7.  At  these  receptors  2-amino- 
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4-phosphonobutyrate  is  the  most  potent  agonist.  In  the  retina  mGluR6  in  bipolar 
cells  is  coupled  to  cGMP  formation. 


SELECTIVE  ANTAGONISTS 

For  the  AMPA  receptors  two  classes  of  antagonist  are  known,  competitive 
antagonists  such  as  the  quinoxalinediones  (NBQX  and  YM  900)  and  LY  2935582122 
and  allosteric  antagonists  as  exemplified  by  the  2,3  benzodiazepines,  GYKI  52466 
and  GYKI  5365523’24  (see  Fig.  2).  NBQX  has  been  the  preferred  experimental  tool 
for  in  vivo  studies  because  it  lacks  action  at  the  glycine  site  of  the  NMDA  receptor, 
although  it  suffers  from  poor  solubility  and  rapid  clearance.  GYKI  52466  also  inhibits 
activation  of  KA  receptors  (GluR6);  NS  102  appears  to  be  a  relatively  selective 
antagonist  at  the  KA  receptor.25 

NMDA  receptors  have  two  agonist  recognition  sites  (for  glutamate /aspartate 
and  for  glycine/D-serine),  which  partially  overlap  with  the  sites  at  which  competitive 
antagonists  for  glutamate  and  glycine  bind.  Competitive  antagonists  at  the  NMDA 
recognition  site  have  been  largely  structural  analogues  of  d-2  amino-5-phosphonopro- 
pionic  acid  (AP5)  or  2-amino-7-phosphono-heptanoic  acid.  Glycine  site  antagonists 
show  a  wide  variety  of  molecular  structures  but  are  all  analogues  of  glycine.  They 
have  tended  to  have  poor  bioavailability  and  limited  central  nervous  system  (CNS) 
penetration,  but  more  recently  described  compounds  such  as  L-687,414  and  ACEA 
102126  have  good  bioavailability  (see  Fig.  3). 

In  general,  potent  selective  antagonists  for  the  metabotropic  receptors  remain  to 
be  discovered,  l-2, Amino  3-phosphono-propionate  appears  to  be  an  antagonist  in 
some  functional  test  systems  for  metabotropic  receptor  activation.  (+)-a-Methyl-4- 


GYKI  NBQX 


FIGURE  2.  Molecular  structures  of  AMPA/kainate  antagonists. 


D(-)AP5  CGP  40116  CGP  43487  CGS 19755  LY233053 


D(-)AP7  D(-)CPP  D(-)CPPene  LY 27 461 4  LY233536 


ACEA  1021  MDL  104653 


ADCI  MK801  PCP 


FPL  12495  DEXTROMETHORPHAN 

FIGURE  3.  Molecular  structure  of  (A)  competitive  NMDA  antagonists,  (B)  glycine  site 
antagonists,  and  (C)  uncompetitive  antagonists. 
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carboxyphenyl-glycine  (aM4CPG)  is  a  fairly  weak  antagonist  for  mGluRl  (pA2  4.38) 
and  mGluR2  (pA2  4.29)  and  lacks  effect  at  mGluR4.27 


FUNCTIONAL  ROLES  OF  GLUTAMATE  RECEPTORS 

Glutamate  receptors,  being  the  principal  excitatory  receptors  in  the  brain,  are 
naturally  involved  in  all  integrative  functions  of  the  CNS.  Drugs  interfering  with 
glutamatergic  transmission  produce  alterations  in  sensory  and  motor  function. 
Particular  attention  has  been  paid  to  their  role  in  learning  and  memory.  Studies  of 
long-term  potentiation  (LTP)  in  vitro  have  defined  a  critical  role  for  NMDA  receptor 
activation  in  the  establishment  of  LTP  and  of  AMPA-mediated  excitation  in  its 
maintenance.28  Several  brain  stem  sites  at  which  glutamate  controls  respiration  and 
cardiovascular  function  have  been  identified.29-30 


GENETIC  DISORDERS 

The  question  arises  whether  there  are  clinical  disorders  that  result  from  muta¬ 
tions  in  the  genes  controlling  glutamate  receptor  expression.  Determination  of  the 
chromosomal  location  of  GluRl-431  focused  attention  on  these  genes  as  candidate 
genes  for  various  neurological  disorders  with  similar  chromosomal  locations;  for 
example,  GluR3  at  Xq25-26  is  in  the  same  region  of  the  X  chromosome  as  the 
oculocerebralrenal  syndrome  of  Lowe.  The  suggestion  that  in  man  the  location  of 
GluR4  to  11  q22-23  made  it  a  candidate  gene  for  the  principal  gene  for  seizures  in 
the  epilepsy-like  mouse  (El-1)  (on  the  basis  of  synteny  with  mouse  chromosome  9) 
appears  improbable  if  it  is  confirmed  that  a  mutation  in  the  ceruloplasmin  gene  at 
this  locus  explains  the  mouse  phenotype.32 


EPILEPSY 

Epilepsy  is  an  intermittent  dynamic  disorder  of  neural  networks.  The  molecular 
and  cellular  basis  of  epilepsy  is  poorly  understood.  Genetic  and  acquired  forms  of 
epilepsy  appear  to  be  associated  with  a  multiplicity  of  changes  that  may  contribute  to 
the  network  instability  including  alterations  in  neuronal  membrane  ionic  conduc¬ 
tances,  alterations  in  GABAergic  inhibitory  transmission  and  in  glutamatergic 
excitatory  neurotransmission,  alterations  in  neuromodulatory  systems  (monoamines, 
peptides,  etc.),  and  changes  in  neuronal  connectivity.  We  review  here  (1)  recent 
findings  concerning  alterations  in  glutamatergic  systems  in  genetic  and  acquired 
forms  of  epilepsy  and  (2)  anticonvulsant  effects  of  glutamate  receptor  antagonists. 

It  is  possible  that  abnormalities  of  glutamate  metabolism  or  transport  contribute 
to  the  occurrence  of  seizures.  Increases  in  plasma  glutamate  levels  have  been 
reported  in  families  of  patients  with  primary  generalized  epilepsy  associated  with  2-3 
Hz  cortical  discharges.33  Increases  in  plasma  glutamate  are  also  reported  in  a  rodent 
model  of  limbic  epilepsy.34  Evidence  of  several  kinds  suggests  that  glutamate  uptake 
into  neurons  or  glia  may  be  impaired  in  rats  with  kindled  limbic  seizures.  Thus,  the 
basal  extracellular  concentration  of  glutamate  in  hippocampus  or  cortex  appears  to 
be  elevated  in  the  fully  kindled  rat  and  uptake  of  [3H]-D-aspartate  is  impaired.35  We 
recently  found  that  the  levels  of  mRNA  for  the  glial  glutamate  transporter  GLT1  are 
decreased  in  the  fully  kindled  rat  brain.36  An  impairment  of  glutamate  uptake  could 
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be  a  factor  contributing  to  the  increase  in  extracellular  glutamate  concentration  seen 
in  the  epileptogenic  hippocampus  just  prior  to  onset  of  complex  partial  seizures.37 


CHANGES  IN  GLUTAMATE  RECEPTORS  IN  ACQUIRED  EPILEPSY 

Autoradiographic  studies  visualizing  the  density  of  AMPA,  kainate,  and  NMDA 
receptors  in  the  temporal  lobe  in  patients  with  complex  partial  seizures  have  shown 
some  regional  increases  in  the  density  of  all  three  receptor  subtypes.38  Slice  prepara¬ 
tions  of  the  hippocampus  in  electrically  kindled  rats  and  of  the  human  cortex  in 
patients  with  focal  epilepsy  have  been  used  to  assess  functional  changes  in  NMDA 
receptors.  In  the  rat  hippocampus  enhanced  sensitivity  to  NMDA  has  been  shown 
both  in  the  dentate  gyrus  and  in  the  CA3  region.39 

Electrophysiological  study  of  dissociated  dentate  granule  cells  including  cell- 
attached  single-channel  recordings  reveals  that  the  increased  efficacy  of  NMDA 
receptors  is  related  to  a  decrease  in  the  blocking  effect  of  Mg2+  and  an  increase  in 
mean  open  times  and  burst  lengths.40  The  efficacy  of  NMDA  receptors  is  also 
increased  in  the  cortical  tissue  surrounding  an  epileptic  focus  in  man.41  Glutamate 
metabotropic  responses  are  also  potentiated  in  the  kindled  rat  brain  (as  assessed  by 
phosphoinositide  hydrolysis)  42  It  is  not  known  whether  similar  changes  occur  in  the 
human  epileptic  brain. 

It  is  also  possible  that  gene  defects  might  directly  or  indirectly  modify  glutamate 
receptor  expression  and  function.  No  evidence  of  this  is  available  as  yet.  The 
intrahippocampal  injection  of  a  herpes  virus  vector  producing  local  overexpression  of 
the  GluR6  subunit  of  the  kainate  receptor  leads  within  a  few  hours  to  spontaneous 
limbic  seizures  which  occur  recurrently  over  the  following  weeks.43  Thus  an  imbal¬ 
ance  in  the  expression  of  glutamate  receptors  could  play  a  role  in  genetic  or  acquired 
forms  of  epilepsy. 


FOCAL  INJECTIONS  OF  GLUTAMATE  ANTAGONISTS 

Glutamate  receptor  antagonists  injected  focally  into  different  brain  structures 
can  suppress  the  development  and  expression  of  seizures.  It  is  particularly  notable 
that  limbic  seizures  (such  as  those  induced  by  the  systemic  administration  of  high 
doses  of  pilocarpine)  can  be  suppressed  by  the  focal  bilateral  injection  of  NMDA 
receptor  antagonists  into  (1)  output  pathways  of  the  basal  ganglia  (substantia  nigra 
and  entopeduncular  nucleus),44-46  (2)  links  between  the  limbic  and  basal  ganglia 
systems  (lateral  habenula,  dorsomedial  thalamus),47’48  and  (3)  critical  inputs  to  the 
amygdala  and  entorhinal  cortex  such  as  the  deep  prepyriform  cortex.4950  These 
structures  clearly  play  a  crucial  role  in  the  evolution  of  discharges  within  the  limbic 
system. 


SYSTEMIC  ADMINISTRATION  OF  GLUTAMATE  ANTAGONISTS 

NMDA  Antagonists 

Shortly  after  the  description  of  potent  competitive  NMDA  antagonists,  we 
showed  that  these  compounds  were  highly  effective  in  rodent  models  of  epilepsy 
when  given  intracerebroventricularly  and  moderately  effective  when  given  intraperi- 
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toneally  or  orally.51-53  These  compounds  are  most  effective  in  reflex  models  of 
epilepsy  including  photically-induced  seizures  in  baboons,  Papio  papio. 54  In  these 
models  of  primary  generalized  epilepsy,  NMDA  antagonists  have  a  therapeutic  index 
(in  terms  of  ataxia)  comparable  to  that  of  established  anticonvulsant  drugs.  They  are 
moderately  effective  in  maximal  electroshock  and  chemically-induced  seizures  in 
rodents.  They  are  least  effective  against  electrically-induced  seizures  in  the  fully 
kindled  rat.55-57  Following  evaluation  in  volunteers,  one  of  the  most  potent  of  these 
competitive  antagonists,  D-CPPene,  was  administered  as  adjunctive  therapy  to  a 
small  group  of  patients  with  drug-refractory  complex  partial  seizures.58  No  evidence 
of  efficacy  was  obtained,  but  significant  exacerbation  of  cognitive  and  neurological 
side  effects  was  observed.  A  variety  of  agents  appear  to  act  as  lower-affinity 
uncompetitive  antagonists  of  the  NMDA  receptor.  These  include  the  desglycinated 
metabolite  of  remacemide,59  an  analogue  of  MK  801  (ADCI),60-61  and  memantine.62 
These  compounds  appear  to  dissociate  more  rapidly  from  the  MK-801  binding  site 
and  to  produce  less  severe  motor  and  cognitive  side  effects.63 

Glycine  site  NMDA  antagonists  (e.g.,  L-687,414  and  L-689,560)  are  also  effective 
anticonvulsants  in  reflex  models  of  epilepsy.26-64  Glycine  site  antagonists  may  benefit 
from  a  different  selectivity  for  NMDA  receptor  subtypes  and  a  lesser  tendency  to 
disrupt  cognitive  processes  at  anticonvulsant  doses.  Tests  in  man  have  not  yet  been 
reported. 


AMPA  Antagonists 

AMPA  antagonists  tend  to  show  general  anesthetic-like  properties;  nevertheless, 
both  competitive  (quinoxalinedione)  and  noncompetitive  (2,3  benzodiazepine) 
AMPA/KA  antagonists  are  anticonvulsant  in  reflex  models  of  epilepsy  at  doses  that 
produce  transient  or  negligible  ataxia.65-66  Anticonvulsant  activity  has  also  been 
shown  in  electroshock  and  chemoconvulsant  models.67  Synergism  between  the 
anticonvulsant  action  of  NMDA  and  AMPA  antagonists68  and  between  AMPA 
antagonists  and  classical  anticonvulsants69  has  been  described.  The  possibility  that 
non-NMDA  antagonists  could  contribute  to  the  therapy  of  epilepsy  requires  further 
investigation. 


ACUTE  NEURONAL  DEGENERATION  IN  ISCHEMIA,  HEAD  INJURY, 
AND  STATUS  EPILEPTICUS 

Activation  of  glutamate  receptors  is  thought  to  play  a  significant  role  in  the 
development  of  selective  neuronal  loss  following  global  ischemia,  in  the  pathogenesis 
of  infarction  in  some  forms  of  focal  ischemia,  in  the  progression  of  pathological 
processes  following  cranial  or  spinal  trauma,  and  in  selective  neuronal  loss  after 
status  epilepticus.70-72  The  evidence  for  this  is  partly  the  similar  acute  morphological 
changes  observed  in  excitotoxic  brain  injury  where  glutamate,  kainate  or  NMDA  are 
the  primary  cause  compared  with  acute  changes  in  vulnerable  neurons  after  status 
epilepticus  and  ischemia.73-76 


GLUTAMATE  RELEASE 

In  vivo  microdialysis  studies  show  a  marked  increase  in  the  extracellular  levels  of 
glutamate  and  aspartate  occurring  5-20  min  after  the  onset  of  complete  global 
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ischemia,  and  with  a  more  variable  time  course  in  relation  to  focal  ischemia.77"80  At 
the  same  time  increases  are  commonly  found  not  only  in  GABA  and  glycine 
concentration,  but  also  in  non-neurotransmitter  amino  acids  such  as  taurine  and 
alanine.  Although  under  some  circumstances  calcium-dependent  release  from  synap¬ 
tic  vesicles  contributes  to  the  extracellular  changes,  most  of  the  increase  appears  to 
be  associated  with  anoxic  depolarization  of  neurons  and  to  be  linked  with  release 
from  neuronal  cell  bodies  and  dendrites.81-82  It  is  not  clear  what  role  glutamate  could 
play  during  anoxic  depolarization. 


GLUTAMATE  RECEPTOR  CHANGES  SECONDARY  TO  ISCHEMIA 

In  situ  hybridization  studies  have  suggested  that  there  is  a  relative  decrease  in  the 
mRNA  for  GluR2  compared  with  GluRl  and  GluR3  in  the  CA1  region  of  the 
hippocampus  after  global  ischemia.83  It  appears,  however,  that  under  a  variety  of 
circumstances  all  the  AMPA  receptor  isoforms  are  down-regulated  to  an  approxi¬ 
mately  equal  degree.84  Among  metabotropic  receptors  mRNA  levels  are  increased 
for  mGlur2  and  mGluR4,  but  decreased  for  mGluR5.85 


PROTECTIVE  EFFECTS  OF  GLUTAMATE  ANTAGONISTS 

Global  Ischemia 

AMPA  receptor  antagonists  (i.e.,  NBQX  and  GYKI  52466)  provide  partial 
protection  against  hippocampal,  striatal  or  neocortical  damage  induced  by  global 
ischemia  when  given  in  the  postischemic  period.86-88  The  effect  is  seen  only  when  the 
ischemic  stress  is  just  above  threshold  for  damaging  a  particular  class  of  neurons, 
thus  they  can  decrease  the  loss  of  CA1  pyramidal  cells  following  10,  but  not  20,  min 
of  global  ischemia.87 

NMDA  receptor  antagonists  are  relatively  ineffective  at  protecting  against  a 
single  episode  of  more-or-less  complete  forebrain  ischemia  in  the  rodent  with 
normothermia  maintained.89-90  Some  protection  may  be  seen  when  the  ischemia  is 
less  severe  (as  with  two-vessel  occlusion)  and  pretreatment  or  early  posttreatment  is 
employed.91-92  NMDA  antagonists  also  become  more  effective  in  the  presence  of 
hypothermia,92-93  or  when  brief  episodes  of  global  ischemia  are  repeated  at  relatively 
close  intervals.94-96  This  is  consistent  with  the  view  that  activation  of  NMDA 
receptors  during  anoxic  depolarization  will  not  significantly  influence  ionic  distribu¬ 
tion.  In  contrast,  impairment  of  energy  metabolism  and  partial  depolarization  can 
greatly  enhance  the  excitotoxic  effect  of  NMDA  receptor  activation.97-99  This  phenom¬ 
enon  has  been  demonstrated  in  in  vitro  preparations  and  in  vivo  using  metabolic 
poisons. 


Focal  Ischemia 

A  reduction  in  the  volume  of  cortical  infarction  seen  at  1-7  days  after  transient  or 
permanent  occlusion  of  the  middle  cerebral  artery  in  the  mouse  or  rat  can  be 
produced  by  administering  glutamate  receptor  antagonists  directly  after  middle 
cerebral  artery  occlusion. 
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NMDA  receptor  antagonists  of  all  types  appear  to  be  equally  effective  (i.e., 
competitive  antagonists  such  as  CPPene,  noncompetitive  antagonists  such  as  dizocil- 
pine,  glycine  site  antagonists  such  as  L687,414  and  L689,560,  and  polyamine  site 
antagonists  such  as  ifenprodil  and  eliprodil). 100-103  AMPA  antagonists  of  both  types 
also  diminish  the  volume  of  cortex  showing  infarction.104-109  All  the  glutamate 
antagonists  appear  to  have  comparable  therapeutic  time  windows  except  that  a  slow 
penetration  into  the  brain  (as  with  D-CPPene)  naturally  shortens  the  time  window. 

Clinical  trials  have  been  initiated  for  a  competitive  NMDA  antagonist  (CGS 
19755),  for  a  noncompetitive  antagonist  (CNS  1102,  Cerestat),  and  for  a  polyamine 
site  antagonist  (Eliprodil)  which  shows  a  remarkably  low  incidence  of  cognitive  side 
effects  and  may  possess  mechanisms  of  action  in  addition  to  NMDA  receptor 
antagonism  such  as  calcium-channel  blockade. 110 


Neonatal  Hypoxia  I  Ischemia 

Protective  effects  of  NMDA  receptor  antagonists  have  been  demonstrated  in  rat 
models  of  neonatal  hypoxia/ischemia  involving  unilateral  carotid  occlusion  and 
reduction  in  the  partial  pressure  of  inspired  oxygen.111-113 


Status  Epilepticus 

In  several  animal  models  of  limbic  status  epilepticus,  it  has  been  shown  that  the 
hippocampal  pathology  can  be  reduced  by  the  administration  of  NMDA  receptor 
antagonists.114-116  This  occurs  even  when  the  total  duration  of  seizure  activity  is 
unmodified  or  even  prolonged.  The  presumed  mechanism  of  protection  is  that  the 
NMDA  antagonists  modify  the  individual  burst  discharges,  reducing  the  late  compo¬ 
nents  associated  with  a  high  entry  of  Ca2+,  and  thereby  reducing  the  excitotoxic 
effects  of  the  seizure. 


Cranial  and  Spinal  Trauma 

A  transient  increase  in  extracellular  glutamate  concentration  occurs  early  after 
cranial  or  spinal  trauma;  this  increase  is  of  unknown  pathological  significance.117118 
Many  late  events  following  CNS  trauma  may  involve  glutamate  receptor  activa¬ 
tion.119  These  include  delayed  ischemia  associated  with  cranial  edema.  They  also 
include  generation  of  excitotoxic  molecules  by  microglia  and  macrophages.119  Protec¬ 
tive  effects  of  glutamate  antagonists  have  been  observed  in  rodent  models  of  cranial 
injury  (fluid  percussion)120  and  spinal  injury.121-122 


CHRONIC  NEURODEGENERATIVE  DISORDERS 

A  role  for  glutamate  receptor  activation  has  been  postulated  in  several  chronic 
neurodegenerative  disorders.  The  case  for  activation  of  NMD  A  receptors  in  Hunting¬ 
ton’s  disease  is  based  on  the  extraordinary  similarity  in  the  selective  loss  of  neuronal 
markers  in  the  striatum  in  patients  with  Huntington’s  disease  compared  with  the 
changes  induced  in  the  rat  striatum  by  NMDA  or  quinolinic  acid.123  It  is  postulated 
that  some  failure  in  neuronal  energy  metabolism  renders  the  cells  vulnerable  to  what 
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would  otherwise  be  an  innocuous  level  of  activation  of  the  NMDA  receptor.  In 
motoneuron  disease  (amyotrophic  lateral  sclerosis),  it  is  postulated  that  activation  of 
AMPA/kainate  receptors  on  motoneurons  leads  to  their  degeneration.124-125  Abnor¬ 
malities  of  glutamate  metabolism  or  transport  have  been  repeatedly  described  in 
some  forms  of  olivopontocerebellar  atrophy.126,127  Their  role  in  the  induction  of 
neurodegeneration  has  not  been  defined. 


GLUTAMATE  ANTAGONISTS:  THERAPEUTIC  PROSPECTS  IN  EPILEPSY 

AND  CEREBRAL  ISCHEMIA 

Disappointing  preliminary  results  with  the  competitive  NMDA  antagonist  D- 
CPPene  as  add-on  therapy  in  complex  partial  seizures58  may  discourage  further  trials 
of  NMDA  antagonists  as  chronic  therapy  in  epilepsy.  It  remains  possible  that  more 
satisfactory  results  could  be  obtained  with  glycine  site  antagonists.  Also  the  most 
appropriate  target  is  probably  primary  generalized  epilepsy.  Children  show  less 
cognitive  disturbance  than  adults  following  ketamine  administration,  suggesting  that 
side  effects  of  NMDA  antagonists  may  be  less  in  the  young.  On  the  other  hand, 
effects  on  learning  or  synaptic  remodeling  might  be  of  greater  significance. 

Clinical  trials  have  been  initiated  with  several  types  of  NMDA  antagonists  in 
stroke,  and  their  outcome  is  eagerly  awaited.  It  may  be  some  time  before  we  know 
the  optimal  time  for  initiating  and  stopping  treatment  with  glutamate  antagonists. 
Furthermore  it  may  not  be  easy  to  decide  which  antagonist  is  optimal  in  terms  of 
efficacy  and  side-effect  profile.  Cerebral  trauma  may  provide  a  more  responsive 
clinical  target  in  that  the  therapeutic  time  window  is  undoubtedly  longer  and  patients 
are  admitted  to  emergency  care  after  a  shorter  time  period. 
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y-Aminobutyric  acid  (GABA)  evokes  membrane  hyperpolarization  by  opening 
multisubunit  anion  channels  (GABAa  receptors)  permeable  to  chloride  and  bicar¬ 
bonate.1-3  Like  the  canonical  muscle  nicotinic  receptor,  GABAa  receptor  subunits 
most  likely  form  a  “ring  of  five”  with  a  central  ion  conducting  pathway  in  the 
center.4’5  Quantal  analysis  of  a  typical  central  synapse  (inhibitory  postsynaptic 
currents  of  hippocampal  dentate  granule  cells)  suggests  the  existence  of  GABAa 
receptor  clusters  containing  20  to  30  channels.6  A  rich  variety  of  allosteric  modula¬ 
tors  such  as  1,4-benzodiazepines  (Bzs),  barbiturates,  divalent  metal  cations  (espe¬ 
cially  zinc),  steroids,  and  substituted  pyrazinones3-7-9  all  modify,  by  differing  mecha¬ 
nisms,  the  GABA-evoked  channel  activity. 

GABAa  receptor  heterogeneity  can  be  inferred  from  both  ligand  binding/ 
autoradiography,9-11  and  electrophysiology.9-14  Not  all  GABA-activated  channels 
exhibit  all  modulatory  effector  sites.1015  For  example,  some  GABAa  receptors  are 
insensitive  to  benzodiazepine  agonists,15-17  and  steroid  and  zinc  modulation  of 
GABA  receptors  varies  in  a  brain  region-dependent  manner.9’18  This  pharmacologi¬ 
cal  heterogeneity  arises  because  different  GABAa  receptor  subtypes  are  derived 
combinatorially  from  members  of  different  sequence-related  subunit  classes,  the 
subunit  combinations  varying  with  brain  region  and  cell  type.  In  mammals,  these 
comprise  six  alpha,  three  beta,  three  gamma,  one  delta,  and  two  rho  subunits.1 
Based  on  predictions  from  primary  sequence,  the  subunits  all  share  the  same 
architectural  design,4  and  pairwise  comparisons  show  approximately  30  to  40% 
sequence  similarity  between  members  of  different  subunit  classes  and  60  to  80% 
sequence  identity  between  variants  within  the  same  class.1  The  stoichiometry  of 
subunits  within  the  pentamer  (for  example,  [oil]2[p2]2y2  or  al[02]3y2)  of  any  given 
receptor  assembly  is  unknown.  In  vivo  the  subunit  composition  varies  depending  on 
both  cell  type  and  probably  on  subcellular  location  (e.g.,  soma  versus  dendrites).1219 

The  frustrations  of  investigating  GABAa  receptors  are  universal  ones  faced  by 
researchers  working  on  any  other  ligand-gated  ion  channel  that  is  put  together  from 
different  subunit  components.  The  arithmetical  number  of  potential  subunit  combi¬ 
nations  is  very  high,  and  it  is  likely  that  many  neuronal  cell  types  probably  express 
more  than  one  type  of  receptor;20  it  must  be  determined  which  combinations  are 
found  in  vivo  and  in  which  brain  areas.  The  general  research  program  is  to  define 
receptor  subtypes  on  any  given  neuronal  class  with  a  combination  of  techniques,  in 
situ  hybridization,21-24  immunocytochemistiy, 20,25-27  immunoprecipitation  and  immuno- 
purification, 28-30  and  patch-clamping  of  identified  neurons  in  brain  slices  combined 

a Support  for  the  writing  of  this  review  was  provided  by  the  Medical  Research  Council,  U.K. 

506 


WISDEN:  MULTIPLE  GABAa  RECEPTOR  SUBUNITS 


507 


with  single-cell  PCR.6,31  Having  defined  receptor  combinations,  what  is  their  func¬ 
tional  significance?  So  far,  only  broad  statements  and  suggestions  can  be  made.  For 
example,  different  parts  of  a  cell  are  innervated  by  different  classes  of  GABAergic 
interneurons.32  It  might  be  that  different  GABAa  receptors  on  different  parts  of  the 
cell  correlate  with  these  different  GABAergic  inputs,  for  example,  different  GABAa 
receptor  subtypes  on  proximal  dendrites,  distal  dendrites,  and  the  cell  body.12 
Differential  subcellular  distribution  of  subtypes  is  supported  by  immunocytochemis- 
try  using  subunit  specific  antibodies. 20,25,27  Gene  targeting  and  natural  mutations  also 
provide  a  way  of  assessing  subunit  function.33-35  Beyond  general  statements,  there 
are  no  clear  answers  to  questions  concerning  the  exact  composition,  distribution,  and 
function  of  receptor  subtypes.  Subunit  combination  al(32y2  is  the  most  plausible  one 
known  with  any  certainty,22,29  but  this  is  complicated  by  having  to  take  into  account 
whether  y2S,  y2L  or  both  y2  variants  are  present  in  the  complex.36 


FUNCTIONS  OF  THE  SUBUNIT  CLASSES 

Although  we  do  not  understand  the  significance  of  receptor  diversity,  research 
has  progressed  in  defining  the  mechanics  and  features  of  a  generalized  GABAa 
receptor.1-3  The  a  subunits  determine  benzodiazepine  pharmacology  when  coex¬ 
pressed  with  any  (3  subunit  and  a  -y2  subunit.37  Structural  variations  in  the  a  subunits 
confer  different  sensitivities  to  Bz  ligands,  and  the  a  subunits  are  responsible  for 
much  of  the  pharmacological  heterogeneity  reported  for  GABAa  receptors.16-18,33,38 
The  Bz  pharmacology  can  be  largely  traced  to  a  single  amino  acid  residue  in  the 
predicted  N-terminal  extracellular  domain  of  the  receptor.17  Recombinant  ax(3xy2 
complexes  fit  nicely  with  the  Bz  pharmacological  heterogeneity  data  established 
prior  to  the  cloning  of  the  receptors,10  and  this  is  further  supported  by  the  differential 
distribution  of  the  a  subunits  combined  with  the  more  universal  expression  of  72, 
largely  fitting  with  the  Bzl/Bz2  ligand  autoradiography  data.10,22,23  The  al0xy2 
combination  is  Bzl,  whereas  those  of  a2|3xy2,  03(3x72,  and  ct5£xy2  are  variations  of 
Bz2  subtypes.38  Mice  with  specific  o5  subunit  gene  deletions  are  apparently  healthy 
and  viable.35 

The  a6px72  combination  constitutes  a  Bz  agonist  insensitive  subtype  found  on 
cerebellar  granule  cells  (non  Ro  15-4513  displaceable  binding,  Bz3  subtype).16,33 
When  combined  with  the  y2  subunit  in  cell  lines,  the  a4  subunit  has  the  same 
pharmacological  features  (i.e.,  in  not  binding  Bz  agonists)  as  the  a6  subunit. 
However,  there  is  no  Bz-agonist-insensitive  binding  in  the  brain  (other  than  in  the 
cerebellar  granule  cells),  suggesting  that  the  a4  subunit  is  not  found  with  the  y2 
subunit  in  vivo,  although  its  mRNA  is  abundant  in  forebrain.22  The  a4  and  a6 
subunits  share  the  same  pharmacology  because  of  the  absence  of  a  conserved 
histidine  residue  that  is  present  in  all  the  other  a  subunits.17  The  a6  subunit  (or  at 
least  the  absence  of  the  critical  histidine  that  prevents  Bz  agonist  binding)  is  clearly 
needed  for  some  specific  functioning  of  the  granule  cells.  A  natural  point  mutation 
that  confers  Bz  agonist  binding  onto  the  a6  subunit  correlates  with  impaired  motor 
control  when  the  animals  are  given  diazepam,  and  even  in  the  absence  of  pharmaco¬ 
logical  treatment,  these  animals  are  reported  to  have  a  diminished  behavioral 
reaction  to  stress.33  This  latter  observation  might  be  explainable  by  an  endogenous 
agonist  acting  at  the  Bz  site. 

The  (3  subunits  are  important  structural  components  of  GABAa  receptors,  but 
are  broadly  interchangeable  within  the  context  of  an  ax(3x72  complex  when  used  in  in 
vitro  assays.39  In  vivo,  based  on  co-distribution  patterns,  (32  probably  pairs  throughout 
the  central  nervous  system  with  al,  and  (33  colocalizes  in  many  areas  with  a2.22  The 
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distribution  of  pi  mRNA  bears  a  superficial  resemblance  to  that  of  a5,  with  both 
mRNAs  being  particularly  abundant  in  the  hippocampus.22  However,  some  cell 
types,  such  as  mitral  cells  of  the  olfactory  bulb  express  all  three  3-subunit  genes,  so 
there  are  many  exceptions  to  a  simple  pairing  scheme.  Native  (but  not  recombinant) 
3  subunits  may  differ  in  sensitivity  to  steroids  and  muscimol.3,11’39  The  anticonvulsant 
loreclezole  is  selective  for  recombinant  receptors  containing  32  and  33  subunits  over 
those  containing  the  pi  subunit.40  Mice  with  p3  gene  deletions  have  neurological 
deficits  characterized  by  tremor  and  jerky  gait.34  35  This  is  not  surprising  considering 
that  p3  is  the  dominant  p  subunit  in  the  hippocampus,  caudate-putamen,  and  spinal 
cord.21,22 

All  three  y  subunits  confer  Bz  responsiveness  to  ap  complexes,37-41  but  the  most 
studied  y  subunit  has  been  y2.  The  existence  of  the  -yl  and  y3  subunits  forces 
revisions  on  the  Bzl  and  Bz2  model.  Receptors  containing  these  subunits  (e.g., 
axpxyl  or  axpxy3)  probably  went  previously  undetected  because  of  much  lower 
affinities  and  efficacies  for  benzodiazepines.41’42  However,  these  receptors  are  likely 
to  be  specialized.  The  -yl  subunit  mRNA  is  particularly  abundant  in  certain  limbic 
and  hypothalamic  areas  (medial  amygdala  and  septum)  where  it  is  probably  present 
in  an  a2p3yl  complex.22  The  -y3  subunit  mRNA  is  generally  rare,  being  most 
abundant  in  the  medial  geniculate  thalamic  nucleus.2242  Both  yl  and  particularly  y3 
subunit  gene  expression  are  much  more  prominent  in  younger  animals.24  Mice  with 
specific  y3  subunit  gene  deletions  are  apparently  normal.35 

The  function  of  the  8  subunit43  is  unknown  (this  is  discussed  more  fully  in  the 
section  on  the  cerebellum).  Receptors  assembled  from  p  subunits  are  probably 
retinal-specific  and  can  be  activated  by  the  agonist  as-4-aminocrotonic  acid  but  are 
insensitive  to  the  classical  GABAa  drugs,  bicuculline,  barbiturates,  and  benzodiaz¬ 
epines,  which  has  lead  to  the  proposal  that  p  subunits  be  designated  GABAc-13 


GABAa  RECEPTOR  EXPRESSION  IN  THE  CEREBELLUM 


The  cerebellum  can  be  used  as  a  case  study  to  work  out  and  dissect  GABAa 
receptor  heterogeneity.  The  cerebellum  is  an  evolutionarily  conserved  structure, 
consisting  of  a  small  number  of  neuronal  and  glial  cell  subtypes  identifiable  by  their 
position  and  size  with  a  relatively  well  defined  synaptic  circuitry  (Fig.  I).44  All 
neuronal  cell  types  with  the  possible  exception  of  the  Golgi  cells  receive  an  inhibitory 
GABAergic  input.  The  GABAergic  Golgi  cells  synapse  onto  granule  cells.  GABAer- 
gic  stellate/basket  intemeurons  in  the  molecular  layer  synapse  onto  Purkinje  cells. 
These  send  reciprocal  inhibitory  processes  back  onto  the  stellate/basket  neurons  as 
well  as  project  to  the  deep  cerebellar  nuclei.  Bluntly  stated,  if  GABAa  subunit 
combinations  cannot  be  completely  worked  out  for  the  cerebellum,  it  is  unlikely,  with 
perhaps  the  exception  of  the  olfactory  bulb  and  retina,  that  they  will  be  worked  out 
anywhere  else  in  the  brain,  where  synaptic  circuitry  is  so  much  more  complicated  and 
many  cell  types  or  connections  remain  only  partially  characterized.  However,  even 
for  the  cerebellum,  it  is  amazing  to  learn  that  new  cell  types  are  still  being  defined, 
for  example,  the  unipolar  brush  cell  that  is  found  in  certain  granule  cell  folia  45 

Autoradiographic  studies  complement  our  molecular  biology  knowledge  of 
GABAa  receptor  heterogeneity  in  the  cerebellum,  but  as  discussed  below,  inferring 
subunit  composition  from  this  data  is  not  necessarily  simple.  Additionally,  although 
electrophysiological  characteristics  of  GABAa  receptor-channel  complexes  ex¬ 
pressed  in  vitro  depend  upon  subunit  composition,7’46  physiological  distinctions 
between  GABAa  synaptic  responses  corresponding  to  the  demonstrated  molecular 
heterogeneity  have  not  been  clearly  identified  (see  below). 
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MOLECULAR  LAYER 

In  the  rodent,  Bz  agonists  (e.g.,  [3H]flunitrazepam)  bind  predominantly  to  the 
molecular  layer  (which  consists  of  Purkinje  cell  dendrites,  stellate/basket  cells, 
Bergmann  glial  processes,  and  the  axon  terminals  of  granule  cells)  (Fig.  1),  whereas 
GABAa  agonists  that  highlight  high-affinity  sites  ([3H]GABA,  [3H]muscimol)  bind 
mainly  to  the  granule  cell  layer  consisting  of  granule  cell  bodies  and  Golgi  cells. 


I 


T  Granule  cell 

al  a6(a4) 
P2p3(p1) 
?2(y3) 

8 

f  Mossy  Fibre 
Climbing  Fibre 


FIGURE  1.  Schematic  summary  of  the  circuit  diagram  of  the  cerebellum  indicating  which  cell 
types  express  the  various  subunits.  Inhibitory  (GABA  releasing  cells)  are  marked  GAD 
(glutamic  acid  decarboxylase).  Excitatory  terminals  are  filled  circles  marked  “+”.  Inhibitory 
terminals  are  open  triangles  marked  Subunits  in  parentheses  are  much  more  weakly 
expressed.  The  figure  is  modified  from  Farrant  and  Cull-Candy,44  and  the  data  taken  from  in 
situ  hybridization23  and  immunocytochemistry  studies.20-25"27,29  The  Golgi  cell  expression  data 
are  not  well  characterized.  The  tentative  a3  assignment  comes  from  bovine  brain,49  the  yl  from 
chicken,54  but  there  is  no  evidence  to  support  this  combination  in  the  rat. 


However,  even  though  high-affinity  GABAa  agonist  sites  are  scarce  in  the  molecular 
layer,  Bz  binding  is  still  enhanced  (via  allosteric  mechanisms)  by  GABA  in  this 
sector,  suggesting  that  the  molecular  Bz  sites  are  functional  GABAa  receptors.10 
GABAa  sites  are  more  abundant  in  the  molecular  layer  when  assayed  with  the 
antagonist  [3H]bicuculline  methochloride  (BMC),  which  binds  low-affinity  sites.10 
The  majority  of  Bz  binding  sites  in  the  molecular  layer  (greater  than  90%)  have  a 
selectively  high  affinity  for  p-carbolines  and  are  thus  designated  Bzl.10  The  GABAa 
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antagonist  [3H]SR-95531  binds  relatively  poorly  to  the  molecular  layer.10-47  Com¬ 
pounds  like  picrotoxin  and  cage  convulsants  block  GABA  chloride  channel  openings, 
and  their  receptor  sites  can  be  radiolabeled  with  /-butyl  bicyclophosphorothionate 
(TBPS)  or  the  analogue  /-butyl  bicyclo-orthobenzoate  (TBOB).10  As  for  the  other 
drug  binding  sites,  the  allosteric  nature  of  the  GABAa  receptor  complex  means  that 
the  binding  of  TBPS  and  TBOP  is  affected  by  the  presence  of  GABA,  zinc,  steroids, 
benzodiazepines,  and  barbiturates.9-18  For  example,  [3H]TBOB  binding  (which  in  the 
absence  of  GABAa  antagonists  is  found  mainly  over  the  molecular  layer  of  the 
cerebellum)  is  markedly  reduced  by  100  (xM  zinc,  whereas  this  concentration  of  zinc 
has  no  effect  on  TBOP  binding  in  many  other  brain  regions,  for  example,  the 
thalamus,  cortical  laminae  V-VI,  and  the  colliculi.9 

The  major  receptor  subunit  combination  accounting  for  the  molecular  layer 
pharmacology  is  likely  to  be  an  al02(33y2  combination  on  Purkinje  cell  dendrites  and 
an  aip2-y2  combination  on  stellate/basket  cells.22  This  is  supported  by  immunocyto- 
chemistry  showing  relatively  little  subunit  immunoreactivity  on  Purkinje  cell  soma, 
but  large  amounts  on  dendrites.29-48  On  the  Purkinje  cell  dendrites  it  is  not  clear 
whether  the  (32  and  (33  subunits  are  assembled  into  a  single  or  separate  receptor 
complex.  An  al(3xy2  complex  would  display  Bzl  pharmacology.37  It  is  not  known 
which  y2  splice  forms  (y2S  or  y2L)  are  present  in  the  Purkinje  and  stellate /basket 
combinations,  but  PCR  analysis  on  cDNA  extracted  from  whole  rat  cerebellum 
reveals  that  both  y2S  and  y2L  are  equally  abundant.36  In  some  systems,  the  presence 
of  the  y2  subunit  confers  zinc  insensitivity  to  ax(3xy2  receptors,2-3  but  because  y2  is 
abundant  on  the  Purkinje  cell  dendrites  as  part  of  a  probable  al(32/(33/y2  complex 
and  because  the  TBOP  binding  over  the  molecular  layer  is  completely  reduced  by 
zinc,  the  relative  abundance  of  the  y2  subunit  cannot  be  the  sole  determinant  of 
regional  differences  in  the  zinc  sensitivity  of  GABAa  receptors.9 

The  a3  subunit  protein  and  mRNA  is  additionally  present  in  the  molecular  layer, 
probably  in  stellate/basket  cells.23-25  The  a2  and  yl  subunits  are  probably  on  the 
Bergmann  glial  fibers  whose  cell  bodies  originate  in  the  Purkinje  cell  layer.21-22-49  The 
function  of  such  glial  GABAa  receptors  is  not  known. 


CEREBELLAR  GRANULE  CELLS 

In  the  rodent,  the  cerebellar  granule  cell  layer  has  far  fewer  high-affinity  Bz 
agonist  sites,  but  a  much  higher  density  of  high-affinity  muscimol  sites  than  the 
molecular  layer.10  However,  a  high  density  of  agonist-insensitive  Bz  binding  is 
present  in  the  cerebellar  granule  cells,33  that  is,  a  high  proportion  of  the  partial 
inverse  agonist  [3H]Ro  15-4513  binding  in  granule  cell  membranes  is  not  displace¬ 
able  by  an  excess  of  unlabeled  flunitrazepam  or  diazepam — “diazepam  insensitive 
binding.”  This  pharmacology  is  explained  by  the  unique  presence  of  the  a6  subunit 
(see  below).16  In  contrast  to  the  molecular  layer,  [35S]TBPS  binding  over  the  granule 
cell  layer  is  only  found  when  GABA  agonist  sites  have  been  blocked  by  the  GABAa 
antagonists  SR  95531  and  bicuculline,18  that  is,  [35S]TBPS  binding  over  the  granule 
cell  layer  is  more  sensitive  to  GABA  than  that  in  the  molecular  layer.  However,  the 
internal  rim  of  the  granule  cell  layer  has  a  small  amount  of  [35S]TBPS  binding  that  is 
insensitive  to  50  p,M  GABA18-50  suggestive  of  granule  cell  heterogeneity. 

Rat  cerebellar  granule  cells  express  six  subunit  genes  (al,  a6,  (32,  (33,  y2,  and  8) 
abundantly  and  several  others  (a4,  pi,  y3)  weakly  at  the  mRNA  level.23  Granule  cells 
also  contain  large  quantities  of  al,  a6,  p2/p3,  and  8  subunits  as  assessed  by 
immunocytochemistry,20'26’27'48  and  moderate  amounts  of  y2  immunoreactivity.29 
Even  if  one  only  takes  into  account  the  six  most  abundant  subunits  and  assumes  a 
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pentameric  complex,  this  must  mean  at  least  two  abundant  receptor  subtypes  on 
granule  cells  with  a  possible  low  background  of  other  subtypes  containing  a4,  01,  and 
-y3  subunits.  Alternatively,  subsets  of  granule  cells  might  express  just  one  receptor 
subtype.  However,  in  the  rat,  the  synapses  established  by  Golgi  cell  terminals  on  the 
dendrites  of  granule  cells  are  immunoreactive  for  the  al,  a6,  and  (32/3  subunits  in 
virtually  all  glomeruli,  indicating  that  the  al  and  a6  subunits  are  likely  to  be 
colocalized  at  the  same  synapse.20  The  cell  bodies  of  the  granule  cells  (which  do  not 
receive  synapses)  are  negative  for  the  a6  subunit,  although  they  stain  with  the  al  and 
(32/3  subunit  specific  antibodies.20  This  suggests  synaptically  located  al  and  a6 
receptors  on  granule  cell  dendrites,  and  extrasynaptic  al-containing  receptors  on  the 
granule  cell  body.20  It  is  an  interesting  question  as  to  whether  the  al  and  a6  subunits 
in  the  granule  cell  glomeruli  are  assembled  into  a  single  complex  or  are  present  in 
two  parallel  receptors  in  the  same  synapse.  On  the  one  hand,  immunoprecipitation 
studies  (cited  as  unpublished  data  in  ref.  20)  and  cotransfection  experiments 
(transfecting  al,  a6,  (32,  and  y2  encoding  expression  plasmids)  in  an  embryonic 
kidney  cell  line  imply  that  al  and  a6  subunits  do  not  co-assemble.18  However,  other 
immunoprecipitation  studies  report  that  a6  frequently  associates  with  al,  (32/(33. 
and  y251  or  at  least  that  there  is  a  partial  coexistence  (10%  of  receptors)  of  a6  with 
the  al  subunit.52  Beyond  the  specific  case  of  the  cerebellum,  there  is  evidence  that 
GABAa  receptors  can  contain  different  a  subunits  within  the  same  complex.  The  al 
and  a3  subunits  can  co-assemble  as  an  ala3p2y2  complex  in  embryonic  kidney 
cells,46  and  immunopurification  from  neocortex  suggests  that  a  minority  of  GABAa 
receptors  do  contain  heterologous  a-subunit  pairs  (e.g.,  a2a3).52 

The  5  subunit  remains  a  dark  horse.43  An  initial  observation  noted  that  the 
8-subunit  gene  was  most  prominently  expressed  in  neurons  whose  dendritic  pro¬ 
cesses  exist  in  complex  synaptic  arrangements  with  other  neurons — glomeruli  or 
rosettes— and  it  was  therefore  suggested  that  it  is  involved  in  synapses,  mediating 
surround  inhibition.43  Its  mRNA  and  protein  are  particularly  abundant  in  cerebellar 
granule  cells.24’26,43  No  pharmacology  data  from  in  vitro  studies  are  available.  It  has 
been  suggested  from  immunopurification  experiments  that  a  proportion  of  8  subunits 
are  associated  with  Bz  agonist-responsive  complexes  containing  al,  a3,  32/(33,  and 
y2  subunits  in  various  forebrain  regions.30  However,  the  distribution  of  8  subunit 
mRNA21,22,43  and  protein26  does  not  correlate  with  distribution  of  the  majority  of  Bz 
agonist  sites.10  This  is  especially  true  for  the  granule  cell  layer  of  the  cerebellum. 
Based  on  mRNA  distribution,  the  8  subunit  might  be  preferentially  associated  with 
non-BZ  agonist  binding  a  subunits  (i.e.,  a4  and  a6)  in  the  forebrain  and  cerebellar 
granule  cell  layer,  respectively,  to  perhaps  form  muscimol-sensitive,  BZ-insensitive 
receptors.10,22  Indeed,  other  immunoprecipitation  results  reveal  that  both  a6  and  8 
subunits  coexist  in  a  receptor  complex  that  binds  [3H]muscimol,  but  not  benzodiaz¬ 
epines  (cited  as  unpublished  data  in  ref.  20).  Immunoreactivity  for  the  8  subunit 
seems  to  be  concentrated  in  the  glomeruli,  suggesting  colocalization  with  the  a6 
subunit.20,26 

Do  the  different  arrays  of  subunits  expressed  between  Purkinje  cells  and  granule 
cells  translate  into  functional  differences  between  the  GABAa  receptors  of  these  two 
cell  types?  Whole-cell  recordings  of  spontaneous  inhibitory  postsynaptic  currents 
(sIPSCs)  in  cerebellar  Purkinje  cells  decay  with  a  single  fast  exponential,  whereas  in 
granule  cells  sIPCs  decay  with  the  sum  of  a  fast  and  slow  exponential  curve.13  This 
difference  might  arise  as  a  product  of  a  mixed  activation  of  two  GABAa  receptor 
populations,13  perhaps  because  of  the  a6  and  8  in  granule  cells,  but  not  in  Purkinje 
cells  (Fig.  1).  The  a  subunit  that  is  functionally  related  to  a6  (the  a4  subunit)  is  also 
present  with  the  8  subunit  in  hippocampal  dentate  granule  cells  which  similarly  have 
a  double  exponential  sIPSC  decay.  However,  Puia  et  al. 13  caution  that  slow  GABA- 
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activated  Cl"  currents  could  be  independent  from  the  subunit  assembly  of  the 
receptor  and  might  instead  depend  on  reversible  posttranslational  modifications,  for 
example,  phosphorylation,  because  double  exponential  decays  are  occasionally 
observed  on  Purkinje  cells.  This  caveat  is  especially  pertinent  because  these  studies 
were  made  using  patches  of  granule  cell  soma  which  may  not  contain  the  a6  subunit, 
but  do  contain  the  al  and  (32/(33  subunits.20  Responses  from  patches  of  granule  and 
Purkinje  cell  bodies  to  step  applications  of  GABA  are  also  very  similar  over  a  wide 
range  of  concentration,53  but  again,  when  looking  for  differences,  the  electrophysiol¬ 
ogy  of  dendritic  granule  cell  receptors  might  be  more  relevant,  because,  as  mentioned 
above,  the  soma  of  both  granule  and  Purkinje  cells  might  have  an  identical  compli¬ 
ment  of  subunits  (al  and  |32/(33  and  maybe  y2). 

In  conclusion,  a  combination  of  in  situ  hybridization  and  immunocytochemistry 
has  given  a  good  idea  of  the  different  subtypes  of  GABAa  receptor  found  on  the 
different  cell  types  (summarized  in  Fig.  1).  Purkinje  cells  probably  express  an 
al(32|33y2  combination.  Specific  receptor  combinations  in  granule  cells  are  more 
problematic.  Any  of  the  recombinant  a6(32y2,  a6(33y2  or  a6(32(33y2  combinations 
are  likely  to  fit  the  granule-cell  pharmacological  print  of  non-Bz  agonist  binding. 
Such  a  combination  also  fits  with  the  [35S]TBPS  binding  modulation  by  GABA  on 
granule  cells18  because  recombinant  a6(32y2  receptors  produce  [3SS]TBPS  binding 
sites  about  10-fold  more  sensitive  to  inhibition  by  GABA  than  al(32-y2  complexes.18 
An  a6(3xy2  complex  would  also  have  high-affinity  muscimol  binding  which  matches 
that  seen  over  granule  cells.16  However,  if  the  al  subunit  is  not  in  an  a6-containing 
complex  as  seems  likely  for  the  majority  or  receptors,  but  is  clearly  abundant  in 
granule  cells,20,25  then  why  isn’t  al  (32y2  or  al|33y2  or  a 1(32(3372  Bzl  type  pharmacol¬ 
ogy  abundant  on  the  granule  cells  as  it  is  on  Purkinje  cells?  Also  arguing  against  the 
abundant  formation  of  an  a  1(3x72  complex  is  the  finding  that  [35S]TBPS  is  very 
sensitive  to  GABA  in  the  granule  cell  layer.18  Perhaps  the  y2  subunit  is  present  in 
limiting  amounts.29  Under  these  limiting  conditions,  y2  may  preferentially  assemble 
with  a6.  Where  does  the  8  subunit  fit  in?  Perhaps  an  a6(3xy28  or  a6(3xy2  combination 
is  found  on  granule  cell  dendrites  colocalized  with  an  al  (32(338  complex  in  the  same 
synapse.  More  detail  on  the  properties  of  these  subunit  combinations  will  be  needed 
before  we  can  make  any  further  conclusions. 

[Note  added  in  proof:  Based  on  immunoprecipitation  experiments,  a  model 
describing  the  composition  of  all  GABAa  receptors  in  the  cerebellum  was  con¬ 
structed  that  defined  the  following  a  (alpha)  and  7/8  (gamma/delta)  combinations 
(percentage  of  cerebellar  GABAa  receptors):  0672  (36%),  a68  (23%),  al72  (28%), 
a27l  (8%),  and  a372  (5%).  An  al8  combination  was  not  found  (see  ref.  55)]. 
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'Y-Aminobutyric  acid  (GABA)  is  widely  known  as  one  of  the  major  inhibitory 
neurotransmitters  in  the  mammalian  central  nervous  system  (CNS).1  In  general,  it 
has  been  considered  that  neuronal  activity  in  the  brain  is  inhibited  by  the  activation 
of  GABAergic  neurons.  This  inhibitory  action  of  GABA  is  mediated  by  GABA 
receptors,  which  are  divided  into  two  types — GABAa  and  GABAb.2  It  was  initially 
thought  that  GABAa  receptor,  a  bicuculline-sensitive  type,  forms  the  GABA-gated 
Cl-  channel,  and  that  the  activation  of  GABAa  receptor  induces  the  fast  inhibitory 
postsynaptic  potential  (IPSP).  Subsequently,  the  presence  of  GABAb  receptor, 
which  is  insensitive  to  bicuculline  and  sensitive  to  baclofen,  was  revealed,  and  it  was 
found  that  this  receptor  is  one  of  the  metabotropic  types  that  couple  with  GTP- 
binding  protein.  The  activation  of  the  GABAb  receptor  is  known  to  induce  slow 
IPSP.  Therefore,  it  is  suggested  that  both  GABAa  and  GABAb  receptors  have 
inhibitory  roles  in  the  CNS,  although  these  actions  are  mediated  by  different 
molecular  mechanisms. 

In  this  paper,  current  concepts  on  GABAa  and  GABAb  receptors  in  the 
mammalian  CNS  are  described,  with  special  reference  to  their  pharmacological, 
neurochemical,  and  molecular  biological  characteristics. 


GABAa  RECEPTOR 
Pharmacology  of  GABAa  Receptor 

The  application  of  GABA  induces  the  increase  of  Cl-  conductance  at  GABAer¬ 
gic  synapses.  This  increase  is  antagonized  by  bicuculline,  a  GABAa  receptor 
antagonist.  Picrotoxin,  which  induces  tonic-clonic  convulsions,  and  convulsant  com¬ 
pounds  such  as  t-butylbicyclophosphorothionate  (TBPS)  also  bind  to  the  Cl-  chan¬ 
nel  in  the  GABAa  receptor  complex  and  depress  Cl"  conductance,  although  these 
compounds  have  no  action  on  the  GABA  binding  (recognition)  site.  Barbiturate 
derivatives,  which  are  classified  as  one  of  the  sedative  hypnotic  drugs,  are  also  known 
to  enhance  the  action  of  GABA  by  affecting  the  Cl“  channel  site  of  the  GABAa 
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receptor  complex.  On  the  other  hand,  anxiolytic  and/or  hypnotic  drugs  such  as 
benzodiazepine  derivatives  are  known  to  activate  the  GABA  binding  site  in  the 
GABAa  receptor  complex.  It  is  noteworthy  that  the  binding  site  for  benzodiaz¬ 
epines,  which  is  coupled  with  the  GABAa  receptor  and  the  Cl-  channel,  has  been 
termed  benzodiazepine  receptor.  Benzodiazepine  receptor  agonists  such  as  diaz¬ 
epam  and  flunitrazepam,  as  well  as  benzodiazepine  antagonists  such  as  flumazenil, 
bind  to  the  benzodiazepine  receptor.  In  contrast,  f}-carboline  derivatives  are  known 
to  induce  anxiety  by  an  inhibitory  modulation  of  GABAa  receptor  function  through 
the  benzodiazepine  receptor.  Therefore,  these  compounds  are  often  termed  as 
inverse  agonist  of  benzodiazepine  receptor.  It  has  been  also  noted  that  various  drugs 
and  endogenous  products  in  the  brain  affect  the  function  of  GABAa  receptor/ 
benzodiazepine  receptor/Cl_  channel  complex.3  For  example,  it  has  been  reported 
that  neurosteroids  such  as  3a-hydroxy-5a-dihydroprogesterone  also  bind  to  the  Cl~ 
channel  site  in  the  GABAa  receptor  complex  and  act  as  putative  endogenous 
modulators  for  stress  and  anxiety.4’5  These  characteristics  of  the  GABAa  receptor 
have  been  recognized  using  various  pharmacological  and  electrophysiological  ap¬ 
proaches.  Furthermore,  purification  and  reconstitution  studies  on  the  GABAa 
receptor  complex  have  provided  direct  evidence  for  these  pharmacological  character¬ 
istics. 


Purification  and  Characterization  of  GABAa  Receptor  Complex 

Functional  as  well  as  structural  coupling  of  the  GABAa  receptor  with  the 
benzodiazepine  receptor  was  found  to  be  useful  for  the  purification  of  the  GABAa 
receptor  complex  in  the  CNS.  We  previously  purified  the  GABAa  receptor  complex 
by  means  of  affinity  column  chromatography  using  a  benzodiazepine,  1012-S,  as  an 
immobilized  ligand.6  The  purified  protein  of  the  GABAa  receptor  complex  from  rat 
brain  had  the  molecular  weight  of  approximately  300,000  and  consisted  of  a  (48,500) 
and  3  (54,500)  subunits.  Similarly,  GABAa  receptor  from  the  bovine  cerebral  cortex 
was  found  to  consist  of  a  (53,000)  and  (3  (57,000)  subunits.7  These  purified  receptor 
preparations  were  shown  to  retain  functional  coupling  between  GABAa  and  benzo¬ 
diazepine  receptors  even  after  the  purification.  Namely,  [3H]muscimol  binding  to  the 
GABAa  receptor  was  enhanced  by  benzodiazepine  receptor  agonists,  whereas  the 
enhancement  was  inhibited  by  flumazenil,  an  antagonist  of  the  benzodiazepine 
receptor.  Similarly,  GABAa  receptor  agonists  enhanced  [3H]flunitrazepam  binding 
to  the  benzodiazepine  receptor,  whereas  the  enhancement  was  inhibited  by  bicucul- 
line,  a  GABAa  receptor  antagonist.  It  was  also  shown  that  when  the  purified  GABAa 
receptor  complex  is  reconstituted  into  the  phospholipid  vesicles,  the  application  of 
GABA  to  the  reconstituted  vesicles  induces  an  increase  in  the  36C1_  influx,  whereas 
flunitrazepam,  a  benzodiazepine  receptor  agonist,  potentiates  the  GABA-stimu- 
lated  36C1_  influx.8  These  experimental  results  have  provided  evidence  that  the 
GABAa  receptor  couples  with  the  benzodiazepine  receptor  and  forms  the  GABA¬ 
gated  Cl-  channel. 


Distribution  of  GABAa  Receptor  Complex  in  the  Central  Nervous  System 

The  specific  antibody  against  purified  GABAa  receptor  complex  was  prepared  by 
the  immunization  of  albino  rabbits  with  the  purified  protein.9  The  distribution  of  the 
GABAa  receptor  complex  in  rat  brain  was  examined  immunohistochemically  using 
this  specific  antibody.  Immunoreaction  in  rat  brain  slices  was  recognized  in  various 
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regions  of  the  CNS  such  as  the  ventromedial  nucleus  of  the  hypothalamus,  the  red 
nucleus,  the  globus  pallidus,  the  zona  compacta  and  zona  reticulata  of  the  substantia 
nigra,  the  layers  of  Purkinje  cells  and  granular  cells  in  the  cerebellum,  layers  III-V  of 
cerebral  cortex,  and  the  stratum  radiatum  of  the  hippocampus.  These  immunoreac- 
tive  regions  coincided  well  with  the  results  of  immunohistochemical  studies  using 
antibody  against  L-glutamic  acid  decarboxylase,  the  enzyme  for  the  synthesis  of 
GABA. 


Structure  of  GABAa  Receptor  Complex 

The  structural  analysis  of  the  GABAa  receptor  complex  was  advanced  rapidly  by 
the  application  of  cDNA  cloning.  The  cDNAs  of  GABAa  receptor  a  and  (3  subunits 
from  bovine  brain  were  cloned.10  Subsequently,  cDNA  cloning  of  many  subunits  of 
the  GABAa  receptor  complex  was  achieved  by  the  application  of  homologous 
screening.  The  presence  of  a,  (3.  y,  8,  and  p  subunits  in  the  brain  was  reported, 
respectively.10-15  Moreover,  the  heterogeneity  of  GABAa  receptor  subunits  was 
found  as  shown  in  Table  1.  In  brief,  the  GABAa  receptor  complex  consists  of  a 
combination  of  four  or  five  subunits,  where  various  combinations  of  these  subunits 
result  in  the  heterogeneity  of  GABAa  receptor  molecules.16,17  In  fact,  the  pharmaco¬ 
logical  properties  of  recombinant  GABAA/benzodiazepine  receptor  complex  were 


table  i.  Multiplicity  of  GABAa  Receptor  Subunits _ _ 

ai,  ct2,  as,  04,  a5,  a6 

Pl»  f^2,  p3,  p4,  p4’ 

7l,  72S,  72L,  73,  74 

5 

_ Pi,  P2 _ _ _ _ _ 

Note:  (34  and  p4>,  -y2S  and  y2L  are  derived  from  the  alternative  splicing,  respectively. 


found  to  be  different  by  the  use  of  different  combinations  of  various  subunits.12,13,18,19 
The  results  from  cDNA  cloning  of  the  GABAa  receptor  complex  indicated  the 
existence  of  a  high  homology  among  the  various  subunits  examined.  Notably,  four 
regions  of  high  hydrophobicity  in  the  structure  were  conserved  and  suggested  the 
presence  of  four  transmembrane  (TM)  domains.  The  structure  of  GABAa  receptor 
subunits  was  also  found  to  be  homologous  among  different  species.  These  character¬ 
istics  were  similar  to  those  in  other  ionotropic  receptors.  Therefore,  it  was  assumed 
that  the  ligand-gated  ion  channels  constituting  the  GABAa  receptor  complex  are 
members  of  a  superfamily.20  Furthermore,  it  was  suggested  that  the  TM  II  domain 
has  an  important  role  in  the  formation  of  the  ion  channel  pore.  It  has  been  found  that 
in  anion  channels,  the  common  sequence,  TTVLTMTTXS,  in  the  TM  II  domain  of 
both  GABAa  and  glycine  receptor  subunits  is  hydroxy-rich,  and  that  this  sequence  is 
not  conserved  as  in  the  case  of  cation  channels  such  as  the  nicotinic  acetylcholine 
receptor.  Consequently,  it  has  been  presumed  that  this  region  is  important  for  the 
recognition  of  the  Cl-  ion.  Furthermore,  it  has  been  reported  that  the  mutations  in 
the  channel  domain  of  a  neuronal  nicotinic  receptor  convert  ion  selectively  from 
cationic  to  anionic.21  These  results  indicate  that  the  structure  of  membrane  domains 
is  important  for  maintaining  the  selectivity  of  ions. 

In  the  intracellular  loop  of  TM  III— IV  in  each  subunit,  the  presence  of  putative 
sites  of  phosphorylation  by  cAMP-dependent  protein  kinase  and  / or  protein  kinase  C 
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was  noted.  In  fact,  it  was  reported  that  these  protein  kinases  phosphorylate  the 
purified  GABAa  receptor  protein.2223  Furthermore,  it  was  demonstrated  that  the 
phosphorylation  of  the  GABAa  receptor  modulates  the  function  of  the  GABAa 
receptor  complex.24 


Expression  of  mRN A  for  GABAa  Receptor  Complex 

It  is  well  known  that  the  function  of  the  GABAa  receptor  is  modulated  by 
treatment  with  various  drugs.  A  good  example  for  this  is  down-regulation  of  the 
receptor  following  continuous  agonist  stimulation.  In  fact,  treatment  of  primary 
cultured  cerebral  cortical  neurons  with  muscimol,  a  selective  GABAa  receptor 
agonist,  induced  the  reduction  of  expression  of  GABAa  receptor  arsubunit  mRNA.25 
This  reduction  was  counteracted  by  simultaneous  treatment  with  bicuculline,  a 
GABAa  receptor  antagonist.  Moreover,  the  treatment  with  flunitrazepam,  an  ago¬ 
nist  of  the  benzodiazepine  receptor,  which  coupled  with  the  GABAa  receptor,  also 
caused  a  decline  of  the  expression  of  mRNA  for  GABAa  receptor  al-subunit,  and 
this  change  was  also  counteracted  by  simultaneous  treatment  with  flumazenil,  an 
antagonist  of  the  central  type  of  benzodiazepine  receptor.  These  results  suggest  that 
continuous  stimulation  of  the  GABAa  receptor  complex  by  its  agonists  may  induce 
the  reduced  expression  of  mRNA  for  the  GABAa  receptor  subunits.  By  contrast,  the 
treatment  with  inverse  agonist  for  the  benzodiazepine  receptor  such  as  (3-carboline 
derivatives  induced  an  increase  of  GABAa  receptor  subunit  mRNAs.26  Therefore,  it 
is  suggested  that  the  expression  of  mRNA  for  GABAa  receptor  subunits  may  be 
regulated  by  positive  and/or  negative  signal  transductions  through  the  GABAa 
receptor  complex. 

Recently,  it  has  also  been  reported  that  the  expression  of  mRNA  for  GABAa 
receptor  subunits  is  modulated  by  activation  of  the  /V-methyl-D-aspartate-sensitive 
glutamate  receptor.27  Therefore,  it  is  likely  that  the  transcriptional  mechanism  for 
GABAa  receptor  subunit  genes  may  be  regulated  by  not  only  the  direct  stimulation 
or  inhibition  of  the  GABAa  receptor  complex,  but  also  the  functional  state  of 
neuronal  networks  connected  to  GABAergic  neurons. 


GABAb  RECEPTOR 
Pharmacology  ofGABAB  Receptor 

It  has  been  reported  that  (-)baclofen  decreases  neurotransmitter  releases  in  the 
CNS.28  In  1981,  it  was  established  that  this  effect  of  (-)baclofen  is  exerted  by  the 
activation  of  a  bicuculline-insensitive  and  non-GABAA  receptor,29  and  this  receptor 
is  termed  the  GABAb  receptor.  Although  GABA  and  (-)baclofen  have  been  used  as 
GABAb  receptor  agonists,  studies  on  the  physiological  and  pharmacological  roles  of 
the  GABAb  receptor  in  the  CNS  have  been  delayed,  mainly  due  to  lack  of  selective 
and  potent  antagonists  for  this  receptor.  Recently,  however,  selective  and  potent 
agonists  and  antagonists  for  the  GABAb  receptor  have  been  introduced.  For 
example,  3-aminopropylphosphonous  acid  (APPA)  has  been  developed  as  a  potent 
agonist  at  peripheral  and  central  presynaptic  GABAb  receptors.30  On  the  other 
hand,  phaclofen  and  2-hydroxy  saclofen  have  been  introduced  as  selective  antago¬ 
nists  for  the  GABAb  receptor.31’32  More  recently,  it  has  been  reported  that  CGP35348, 
having  high  affinity  and  high  penetrability  to  the  brain,  is  a  potent  blocker  of  the 
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GABAb  receptor.33  Inasmuch  as  the  development  of  various  GABAb  receptor 
antagonists  is  under  way  with  high  hopes  of  their  clinical  applications,34  it  may  be 
possible  to  obtain  more  potent  and  selective  GABAb  receptor  antagonists  in  the  near 
future. 

The  binding  of  GABAb  receptor  was  found  to  be  inhibited  by  the  presence  of 
GTP  analogues,  which  induced  a  decrease  in  the  affinity  of  the  GABAb  receptor.35-36 
In  addition,  it  was  reported  that  stimulation  of  the  GABAb  receptor  accentuated  the 
GTPase  activity  in  the  crude  synaptic  membrane.37  This  increase  of  GTPase  activity 
was  hindered  by  the  pre treatment  with  the  islet-activating  protein  (IAP).  These 
results  suggest  that  GABAb  receptor  may  be  coupled  with  a  GTP-binding  protein, 
such  as  Gj  or  G0,  which  is  sensitive  to  the  IAP  treatment. 

Activation  of  the  cerebral  GABAb  receptor  induced  the  inhibition  of  cAMP 
formation.38-39  The  increased  formation  of  cAMP  induced  by  the  stimulation  of  other 
neurotransmitter  receptors  and  by  forskolin  was  also  inhibited  by  activation  of  the 
GABAb  receptor,  whereas  the  pretreatment  with  IAP  abolished  the  inhibitory 
action  of  GABAb  receptor  agonists.40  Therefore,  it  is  thought  that  stimulation  of  the 
GABAb  receptor  inhibits  the  adenylyl  cyclase  activity  via  IAP-sensitive  GTP-binding 
protein. 

On  the  other  hand,  it  was  reported  that  activation  of  the  GABAb  receptor 
resulted  in  the  potentiation  of  0-adrenergic  receptor-mediated  cAMP  formation.41 
This  potentiation  was  also  inhibited  by  the  treatment  with  IAP.42  Because  the 
stimulation  of  the  GABAb  receptor  induced  an  increase  of  binding  affinity  at  the 
p-adrenergic  receptor,43  a  cross-regulation  of  intracellular  signal  transduction  sys¬ 
tems,  which  were  coupled  with  the  p-adrenergic  receptor  and  the  GABAb  receptor, 
was  suggested.  Detailed  mechanisms  underlying  such  cross  talk  between  these  two 
receptors,  however,  are  presently  unknown. 

It  is  well  known  that  several  neurotransmitter  receptors  are  positively  coupled 
with  phosphatidylinositol  (PI)  turnover,  which  generates  both  1,2-diacylglycerol  and 
inositol-1, 4, 5-triphosphate.  Inositol  phosphates  formation  was  also  inhibited  by  the 
activation  of  the  GABAb  receptor.44-45  This  GABAb  receptor-mediated  inhibition  of 
PI  turnover  was  eliminated  again  by  the  treatment  with  IAP.46  Therefore,  it  has  been 
suggested  that  the  GABAb  receptor  is  also  negatively  coupled  with  PI  turnover, 
mediated  by  an  IAP-sensitive  GTP-binding  protein.  It  is  unclear,  however,  whether 
the  same  GABAb  receptor  inhibits  both  adenylyl  cyclase  and  PI  turnover  systems  or 
different  types  of  the  GABAb  receptor  (subclasses)  are  responsible  for  the  inhibition 
of  these  intracellular  signal  transduction  systems. 

In  electrophysiological  studies,  it  was  also  demonstrated  that  the  activation  of  the 
GABAb  receptor  resulted  in  the  modulation  of  ion  channels.  Namely,  a  voltage- 
dependent  Ca2+  channel  was  inhibited  by  the  activation  of  the  GABAb  receptor.47  In 
addition,  the  activation  of  the  GABAb  receptor  induced  an  increase  in  K+  conduc¬ 
tance,  which  resulted  in  the  occurrence  of  slow  IPSP.48-49  Modulation  of  these  ion 
channels  by  the  GABAb  receptor  was  also  known  to  be  mediated  by  the  GTP- 
binding  protein,  which  is  sensitive  to  IAP  treatment.  Therefore,  it  seems  likely  that 
the  suppression  of  transmitter  release  by  the  activation  of  the  presynaptic  GABAb 
receptor  is  caused  by  a  decrease  in  Ca2+  conductance  and/or  an  increase  in  K+ 
conductance. 


Neurochemical  Aspects  of  GABAb  Receptor 

In  neurochemical  approaches,  the  isolation  of  the  GABAb  receptor  protein  is 
important  to  clarify  its  biochemical  properties.  For  these  purposes,  solubilization  of 
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the  GABAb  receptor  from  crude  synaptic  membranes  was  attempted,  at  first  using 
various  detergents  such  as  CHAPS.50  Ligand-affinity  column  chromatography  for  the 
purification  of  the  GABAb  receptor  was  then  attempted  using  baclofen,  a  selective 
agonist  for  GABAb  receptor,  as  the  immobilized  ligand.  We  developed  the  baclofen- 
epoxy-activated  Sepharose  6B  for  this  purpose.50  Using  this  affinity  column,  we 
achieved  approximately  11,000-fold  purification  of  the  GABAb  receptor.  Due  to  a 
low  affinity  of  this  baclofen-affinity  gel,  we  faced  technical  difficulties  for  further 


FIGURE  1.  Immunoaffinity  purification  of  80-kDa  GABA-binding  protein.  Solubilized  synap¬ 
tic  membrane  was  incubated  with  monoclonal  antibody-conjugated  immunoaffinity  beads. 
Elution  was  performed  by  the  addition  of  the  acidic  buffer  (50  mM  citrate,  pH  2.5)  containing  5 
mM  CHAPS  and  the  protease  inhibitors.  Eluted  fractions  were  analyzed  by  SDS-PAGE  ( upper 
panel)  and  by  [3H]  GABA-binding  assay  {lower panel).  The  SDS-PAGE  analysis  shows  that  the 
major  protein  band  is  80  kDa.  Occasionally,  one  or  two  faintly  stained  bands  are  visible  having 
65  or  61  kDa  (an  example  of  65  kDa  is  seen  in  fraction  5).  For  the  [3H]GABA-binding  assay, 
[3H]GABA  (12.5  nM)  and  purified  80-kDa  GABA-binding  protein  were  incubated  for  1  h  in 
ice-cold  50  mM  Tris-HCl  buffer  (pH  7.4)  containing  2  mM  MgCl2,  2  mM  CaCl2  in  the  presence 
of  a  soybean  phospholipid  (final  4  mM).  The  soybean  phospholipid  was  added  to  minimize  an 
inhibitory  effect  of  CHAPS  (which  was  contained  in  the  immunoaffinity  elute,  final  0.5  mM)  on  the 
[3H]GABA  binding  assay.  A  clear  mixture  (0.35  mL)  became  turbid  with  the  addition  of  the 
phospholipid.  Nonspecific  immunoglobulin  (2  mg/ mL)  was  also  added  for  complete  sedimentation  of 
GABA-binding  proteins.  Radioactivity  bound  to  these  proteins  was  precipitated  by  the  addition  of 
0.15  mL  of  50%  polyethylene  glycol  and  separated  from  the  unbound  radioactivity  by  filtration. 
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GABAergic  Drug  Concentration  (-log[Drug]) 


FIGURE  2.  Displacement  by  various  GABAergic  drugs  of  [3H]GABA  binding  to  the  purified 
80-kDa  GABA-binding  protein.  GABAergic  drugs  at  various  concentrations  were  added  to  the 
mixture  of  [3H] GABA-binding  assay.  Both  GABAb  agonist  and  antagonist  apparently  bind  to 
GABA-binding  protein,  whereas  GABAa  antagonist  bicuculline  does  not. 


purification  using  this  affinity  column  chromatographic  procedure.51  Therefore,  we 
decided  to  develop  immunoaffinity  chromatographic  procedures  using  monoclonal 
antibody  specific  to  the  receptor. 

For  the  production  of  a  monoclonal  antibody  specific  to  the  GABAb  receptor, 
the  receptor  protein  from  the  bovine  brain  was  partially  purified  using  the  above- 
mentioned  baclofen-affinity  column,  and  this  preparation  was  injected  into  mice  as 
an  antigen.  Spleen  cells  from  mice  having  high  titers  of  antisera  were  used  for  cell 
fusion.  Positive  clones  were  selected  by  Western  blot  analysis  using  the  partially 
purified  GABAb  receptor  preparation,  and  a  monoclonal  antibody  (GB-1)  for  the 
GABAb  receptor  was  obtained.52  In  Western  blot  analysis  using  the  crude  synaptic 
membrane  preparation  from  the  bovine  brain,  the  antibody  recognized  only  one 
protein  band  among  over  one  hundred  protein  moieties.  The  molecular  weight  of  the 
immunopositive  protein  was  about  80  kDa.  It  was  found  that  the  baclofen-sensitive 
GABA  binding  activity  to  crude  synaptic  membrane  was  significantly  reduced  by  the 
addition  of  this  monoclonal  antibody.52  Furthermore,  GABAb  receptor  binding 
activity  in  the  solubilized  fraction  obtained  from  bovine  synaptic  membrane  was 
completely  eliminated  by  immunoabsorbent  agarose  beads  that  were  conjugated 
with  the  antibody.  It  was  also  noted  that  the  80  k-Da  protein  was  immunoprecipi- 
tated  without  visible  changes  in  electrophoresed  profiles  of  total  proteins  on  Western 
blot  analysis. 

In  order  to  determine  whether  or  not  this  GABA-binding  protein  is  truly  the 
GABAb  receptor,  the  purification  of  the  antigen  by  an  immunoaffinity  method  was 
attempted.53  The  80-kDa  GABA  binding  protein  in  the  solubilized  fraction  was 
adsorbed  on  the  immunobeads  and  eluted  with  an  acidic  buffer  (pH  2.5).  The  eluted 
fraction  having  the  GABA  binding  activity  showed  only  one  protein  band  (80  kDa)  in 
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SDS-PAGE  (Fig.  1).  This  binding  activity  to  the  purified  protein  was  selectively 
displaced  by  GABA,  baclofen,  and  2-hydroxy  saclofen,  but  not  by  bicuculline 
(Fig.  2). 

Furthermore,  an  attempt  was  made  to  examine  whether  or  not  this  80-kDa 
GABA  binding  protein  could  function  as  GABAb  receptor  using  a  reconstituted 
system.  Namely,  the  80-kDa  protein  was  reconstituted  into  phospholipid  vesicles 
with  partially  purified  GTP-binding  protein  (which  had  G;  and/or  G0,  but  not  Gs) 
and  adenylyl  cyclase.  The  forskolin-stimulated  adenylyl  cyclase  activity  was  inhibited 
by  the  addition  of  GABA  or  baclofen  to  the  complete  system,  whereas  such  an  effect 
of  the  GABAb  receptor  agonist  was  not  detected  in  the  system  that  had  no  80-kDa 
protein,  adenylyl  cyclase  or  GTP-binding  protein.  This  inhibition  by  GABA  or 
baclofen  was  abolished  by  the  simultaneous  addition  of  2-hydroxy  saclofen  (Fig.  3). 
Therefore,  it  was  suggested  that  the  stimulation  of  80-kDa  GABA  binding  protein  is 
transduced  to  adenylyl  cyclase  via  inhibitory  GTP-binding  protein  such  as  Gj  or  G0. 
These  results  are  also  strong  evidence  supporting  the  notion  that  the  immunoaffinity- 
purified  80-kDa  protein  is  indeed  the  GABAb  receptor. 


Adenylyl  Cyclase  Activity  (%) 


1 .  Complete  system 

2.  +Baclofen 

3.  +Baclofen 
+2-OH  saclofen 

4.  +2-OH  saclofen 

5.  +GABA 

6.  +GABA 
+2-OH  saclofen 


i 


7.  Synaptic 

membrane 

8.  +Baclofen 

9.  +Baclofen 
+2-OH  saclofen 

10.  Complete  system 


11.  -Adenylyl  cyclase 


12.  -GABA  binding 
protein  (-baclofen) 

13.  -GABA  binding 
protein  (+baclofen) 

14.  -G  protein 

(-baclofen) 

15.  -G  protein 
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* 
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FIGURE  3.  Adenylyl  cyclase  activity  on  reconstituted  membrane  (lanes  1-6),  synaptic  mem¬ 
brane  (lanes  7-9),  and  incomplete  reconstituted  membrane  (lanes  10-15).  The  incomplete 
reconstituted  membrane  preparations  are  devoid  of  both  adenylyl  cyclase  (lane  11)  and  80-kDa 
GABA-binding  protein  (lanes  14  and  15).  Forskolin  (10~5  M)  stimulated  adenylyl  cyclase 
activity  on  these  membranes  was  assayed  after  preincubation  of  the  membrane  with  or  without 
GABAb  receptor  agonist  (2  x  10-5  M  GABA  or  2  x  10“4  M  baclofen)  or  GABAb  receptor 
antagonist  (10-3  M  2-hydroxy  saclofen). 
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CONCLUSION  AND  FUTURE  PROSPECTS 

There  are  two  different  subtypes  of  GABA  receptors:  ionotropic  GABAa  and 
metabotropic  GABAb.  The  GABAa  receptor  consists  of  a  receptor  complex  with  the 
Cl-  channel  and  the  benzodiazepine  receptor,  whereas  the  GABAb  receptor  nega¬ 
tively  couples  with  adenylyl  cyclase  and  inositol  phosphate  generating  system  and 
also  several  calcium  channels  via  IAP-sensitive  G,-  or  G0-type  GTP  binding  pro¬ 
tein.54-58  The  GABAa  receptor  complex  consists  of  various  subunits  and  each  subunit 
possesses  four  transmembrane  domains  which  possibly  constitute  Cl-  channel.  In  the 
case  of  the  GABAb  receptor,  it  is  highly  likely  that  the  80-kDa  protein,  which  we 
purified  using  an  immunoaffinity  column  chromatographic  procedure,  is  indeed  the 
GABAb  receptor  protein.  The  primary  structure  of  the  GABAb  receptor,  however, 
has  not  been  determined  in  detail.  Molecular  cloning  of  the  GABAb  receptor  is 
under  way  in  our  laboratory.  The  locations  of  GABAa  and  GABAb  receptors  at 
synapses  also  remain  to  be  clarified,  as  well  as  the  nature  of  the  subtype  acting  as 
presynaptic  autoreceptor  or  heteroreceptor  in  the  neuronal  network.  For  these 
purposes,  electron  microscopic  immunocytochemistry  using  monoclonal  antibodies 
for  GABAa  and  GABAb  receptors,  mentioned  in  this  study,  may  be  useful  in  future 
studies. 
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